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Abstract

:

Biosolids are waste from wastewater treatment and have a high content of organic matter and nutrients. In this study, not conventional physicochemical and biological properties of biosolids produced during different seasons of the year were evaluated. These properties are not considered in environmental regulations; however, they are of agronomic interest as indicators of quality and functionality in soils. Also, molecular analysis by Fourier-transform infrared (FTIR) was conducted, enzymatic analysis using the APIZYM® system was performed and two indices of functional and microbial diversity were established. The results showed that the biosolids had a high content of total organic carbon, total nitrogen, P, and K. FTIR analyses showed that chemical composition of biosolids was similar during all year. The C and N of microbial biomass demonstrated presence of active microorganisms, as well as a uniformity in its richness and abundance of species that could present a positive synergy with soil microorganisms. The enzymatic activities showed that the biosolids contained an enzymatic machinery available to promote the mineralisation of the organic matter of biosolids and could even transcend into the soil. Finally, biological properties can be used as indicators of quality and functionality of biosolids before being used as an organic amendment, especially in agricultural soils.
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1. Introduction


Waste sludge is a waste product that originated in the wastewater treatment process. Wastewater treatment consists of a series of physical, chemical, and biological processes that have the purpose of eliminating the contaminants present in the water [1,2]. The wastewater treatment process usually has three stages (primary, secondary, and tertiary). The first stage aims to remove large solids (garbage), sand and suspended solids from the affluent, through a system of sieves or screems, sandblasting and sedimentation [1,3]. The sludge generated at this stage named primary sludge is hazardous waste and is sent to confinement [2]. The second stage of wastewater treatment aims to eliminate dissolved organic matter present in wastewater [1,2,3]. This stage is carried out mainly through processes of a biological nature that have in common the use of microorganisms to remove biodegradable organic matter [4]. The third stage of wastewater treatment aims to remove the residual organic load and those persistent pollutants not removed in previous treatments, e.g., N and P [3,5]. The sludge generated in the secondary and tertiary stages of wastewater treatment is combined and sent to stabilisation processes [5]. These sludges are known as residual sludges and are characterized by a high content of easily degradable organic matter and nutrients, which can be used as soil improvers and even fertilizers for crops. However, due to the nature of their origin, they also contain germs, viruses, and pathogenic parasites that must be eliminated prior to use [3,5]. Therefore, the sludge is subjected to stabilisation processes to eliminate contaminants.



The sludge stabilisation processes can be biological, chemical, and thermal. Biological methods include aerobic and anaerobic digestion and composting [6,7]. The most commonly used chemical method is lime stabilisation [8,9,10]. The thermal stabilisation processes used are pyrolysis, burns or complete incineration [7,9]. Due to efficiency and costs, the most common process is biological stabilisation, which can be performed under anaerobic (fermentation) and aerobic (oxidative stabilisation) conditions [9,11]. Aerobic digestion, which is of interest in this study, involves the use of the process of decomposition of organic matter contained in sludge through microbial activity under aerobic conditions [4,9]. The organic matter in the sludge is a substrate for the three-phase microbial metabolic chain [9]. In the first phase, easily degradable organic matter is oxidized by interaction of enzymes produced by microorganisms that live in the activated sludge, resulting in rapid multiplication of microorganisms [4]. Microorganisms use organic matter to increase their biomass and synthesis of enzymes this occurs until easily degradable organic matter is depleted [2,9]. In the second phase, after the depletion of organic matter, the cellular material is oxidized, and the microorganisms obtain energy from the self-oxidation of these cellular substances [3,9]. In the third phase, further intracellular oxidation is continued. Phases two and three are called aerobic stability [2,3,9]. The stabilized residual sludges are called biosolids and can be used as soil improvers and fertilizers as long as they comply with the established regulations [1,3,9].



The generation of biosolids during urban effluent treatment has increased in Mexico, as there has been an increase in the number of urban wastewater treatment plants (UWWTPs). By 2016, the National Water Commission (CONAGUA) registered 2536 wastewater treatment plants in operation [10]. This represented an increase in the flow of treated wastewater of 25,946.58 L/s. As a result, the amount of biosolids generated throughout the country increased at the same rate. Therefore, there is a need to develop strategies for the management, use, and final disposal of biosolids with a minimum impact on society and the environment. Both nationally and internationally, it has been necessary to recycle and reduce the amount of biosolids sent to landfills, avoiding saturation [11]. In the same context, incineration and application to sanitary landfills and incineration and application to soils have been the main forms of final disposal of biosolids [12]. However, the disposal of biosolids in landfills or by incineration are technologies in which these biosolids rich in organic matter (OM) and nutrients are not used for crops or plants [13]. In addition, most incineration technologies release hazardous chemicals such as dioxins, furans, NOx, SO2, and hydrocarbons into the atmosphere [14]. The application of biosolids to soils provides a source of nutrients available to plants because biosolids have been reported to contain valuable amounts of stable organic matter, providing long-term benefits for soil structure and fertility [15]. However, biosolids also need to be evaluated from different points of view—for example, in the aspect of their characterisation over time from their generation source (UWWTP). The variability of the C and N content, as well as of the micro and macro nutrients in the biosolids before their application to the soils, should be evaluated. Also, the safety of biosolids and the cumulative effects of various physicochemical and biological parameters over time need to be considered in the assessment.



In the same context, biosolids contain pathogens, parasites, heavy metals, and xenobiotic organic compounds that can cause health and environmental damage [16,17,18,19,20]. There are regulatory standards at the national [21] and international level [22,23] for the application of biosolids to both agricultural and forest soils (Table 1), which include the control of parasites (Helminth), pathogens (total coliforms and Salmonella sp.), and heavy metals (As, Cd, Cu, Cr, Hg, Ni, Pb, and Zn), principally. However, there are no regulatory standards regarding the speed of application of biosolids to agricultural soils. In the same context, there are also not many studies evaluating the variability over time of their properties or of biological and molecular parameters only in biosolids. These properties and parameters have been evaluated to monitor the effects of the application of biosolids to soils over time but have not been evaluated to be used as indicators of quality and functionality of a substrate per se (e.g., biosolids) as an improved in agricultural soils. These evaluations include the following: analysis of functional groups by FTIR, microbial biomass C and N (MBC and MBN), biochemical relationships (Cmic/Nmic), metabolic coefficients or microbial activity (qCO2, qFDA), enzymatic activities that relate the cycles of C, N and P, such as lipases, esterases and proteases (FDA); dehydrogenases (DHS), the proportion of DHS and FDA, urease activity (URS) and the production of respiration (CO2). Also included are enzyme activity monitoring systems that allow the establishment of “fingerprints” or activity enzyme “profiles” such as the API ZYM® system. As well, the establishment of indices of functional diversity and microbial activity, such as the Shannon index (H’) and synthetic enzymatic index (SEI) is also important for their potential contribution as indicators of quality and agronomic functionality of biosolids before and after being applied as soil improvers [24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. Only U.S.A. regulation stipulates that the agronomic speed of application cannot be exceeded [41]; to protect the quality of groundwater or surface water, nitrogen must be regulated through an agronomic rate approach, which requires an estimate of the need for N from the crop and the availability of N in biosolids [41,42].



In context, there is unfortunately no reliable parameter as an adequate indicator of the stability and maturity of biosolids used as organic amendments in soils. However, some biochemical parameters, such as microbial biomass and enzymatic activities, are useful indicators of ecosystem quality and functionality [26,28]. Microbial biomass represents the living part of an ecosystem and is responsible for the transformation of organic matter, therefore the importance of assessing its status in biosolids [24]. The microorganisms have a set of enzymes both intracellular (e.g., dehydrogenases) and extracellular (hydrolytic enzymes such as glucosidase, esterases, proteases, etc.) responsible for the breakdown of organic matter, nitrogen transformations and can provide information on the biological status of biosolids. Hydrolytic activity of extracellular enzymes has received attention for several reasons: (1) these activities play a key role in the hydrolysis and mineralisation of organic wastes; (2) the characterisation of enzyme activities can provide insight into the biochemical factors controlling nutrient mineralisation; and (3) patterns of enzyme activities can be useful in identifying microbial populations [43]. Several enzyme assays are available to determine the hydrolytic activity in different environmental matrices. One of these enzymatic assays is the API ZYM® system which has been used in environmental matrices with complex biochemical processes e.g., soils, compost, activated sludge and sediments [34,35,36,37,38,39,44]. This system provides rapid and semi-quantitative information on the hydrolytic activity of 19 enzymes associated with the biodegradation of lipids, proteins, carbohydrates, and nucleic acids [34,36,39]. Therefore, the importance of monitoring a wide range of enzymes involved in various biochemical processes such as those occurring in biosolids is emphasized. It is also proposed to monitor these enzymes to establish the possible effects before adding them to the soil in order to establish a better management of these biosolids as organic amendments in agricultural soils. Derived from the above, the following hypothesis was proposed: biosolids, regardless of the time they are generated in a stabilized wastewater treatment process, possess physicochemical and/or biological properties or characteristics of agronomic interest that can be used for their application as soil improvers. Finally, the present study evaluated, over time, the conventional physicochemical parameters of agricultural interest, as well as the biological and molecular parameters of agronomic interest, but not those contemplated in the regulations, of urban biosolids from a UWWTP. It also aimed to establish technical-scientific arguments in the use of these non-standardised biological and molecular parameters as indicators of quality and functionality of the biosolids used as soil improvers. The biological and molecular results obtained could be considered as indicators of functionality when establishing application rates in agricultural soils. The results obtained also aim to contribute to the correct management, recovery and use of this type of waste generated in a WWTP, regardless of the time of year in which they are generated.




2. Materials and Methods


2.1. Production, Sampling and Status of Biosolids


The biosolids were sampled monthly during 2018 at a UWWTP in Guanajuato, Mexico, located at geographic coordinates 100°51′64′′ W and 20°30′78′′ N (Figure 1). The biosolids were produced by biological treatments and aerobic digestion processes. After the aerobic digestion process, the produced solids were dehydrated by means of pressed band filtration systems. The biosolids were taken six times over a four-hour period on the conveyor belt at the outlet of the filter press. Approximately 30 kg in total of the sample on a wet basis (85%) were collected during each sampling performed [21]. The samples were taken at random in triplicate from day 7 to day 23 of each month, for 1 year, with a total of 36 samples. The samples were taken to the laboratory, dried in the air, sieved through a 2 mm diameter mesh and stored at 4 °C for further analysis. The analysis of their physicochemical and biological properties did not exceed the storage time of 1 week [45,46].



As an antecedent, the biosolids produced in this study have been evaluated from August 2014 to December 2018 (three times a year randomly), complying with the physicochemical standards established in current national and international regulations [21,22,23,41] for their correct final disposal. These standards only include the content of pathogens, parasites, and heavy metals in biosolids produced in a UWWTP. The biosolids have been below the permissible limits both nationally and internationally for their use (Table 1). Therefore, biosolids before this study were applied to agricultural soils but without characterisations under other parameters that are potentially applicable as biological and molecular indicators of agronomic interest or fertility for soils.




2.2. Physicochemical Characterisation of Biosolids and Obtaining FTIR Spectra


The characterisation of the biosolids was carried out every month, for 1 year. The pH and electrical conductivity (EC) were measured in a mixture of biosolids and deionised water, at a ratio of 1:2.5 and 1:5 (m:v), respectively [45,47,48]. Total organic carbon (TOC) was determined by oxidation with potassium dichromate according to the Walkley and Black method [49], modified by downscaling and colorimetric determination [50]. Total nitrogen (TN) was analysed by micro-Kjeldhal system [51]. With the TOC and TN values, the C/N ratios were obtained. Macro and micronutrients (P, K, Fe, B, Mn, Zn, and Cu) were determined by microwave digestion with the EPA3051A/2007 method [52]. Briefly, the digested samples were cooled to room temperature, filtered (Watman paper 41), and measured at 50 mL with distilled water [53]. The content of each element was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES), which was calibrated with a target and 5 standards [54].



For molecular analyses using Fourier transform infrared spectra (FTIR), samples of approximately 2 g of ground and sieved biosolids (<0.5 mm) were placed in an oven at 105 °C for 24 h. A subsample of 5 mg (dry basis) was mixed with 500 mg of KBr, crushed and homogenised in an agate mortar to form a fine powder. A translucent KBr tablet was formed from a press. The FTIR absorbance spectra of the biosolids were determined by scanning the tablets at a wave number range of 4000 to 400 cm−1 with a resolution of 8 using a FTIR Spectrometer. The main functional groups detected in biosolids were identified by comparison with Johnston and Aochi [29] and Martínez et al. [33].




2.3. Biological Characterisation and Enzymatic Profile of Biosolids


For the characterisation of biological parameters not considered in the standards of regulation the C and N of the microbial biomass (MBC and MBN) was determined by the fumigation method extraction at 25 °C [55]. With the values of MBC and MBN, the Cmic/Nmic ratio was calculated.



The enzyme activity of dehydrogenase (DHS) was determined according to Von Mersi and Schinner [28]. The microbial and enzymatic activity of families of lipases, esters and proteases were evaluated by hydrolysis of fluorescein diacetate (FDA) using the method established by Green et al. [32]. The DHS/FDA ratio was calculated with the values obtained for the DSH and FDA enzymatic activities, respectively [56]. The enzymatic activity of urease (URS) was determined according to Kandeler and Gerber [25].



Basal respiration was determined by C-CO2 produced after 20 days of incubation at 25 °C, as reported by Anderson [57]. The metabolic coefficient (qCO2) was estimated by the quotient of microbial basal respiration (C-CO2) and MBC [27]. Specific hydrolytic activity (qFDA) was calculated by dividing the FDA activity value and MBC content as established by Perucci et al. [30].



To evaluate the enzymatic profiles in the biosolids studied during 1 year, the API ZYM® system was used, consisting of sterile galleries with 20 domes for control and 19 hydrolytic enzymes, including 3 phosphatases (alkaline phosphatase, acid phosphatase, Naphthol-AS-BI-phosphohydrolase), 3 esterases (lipase, esterase-lipase, esterase), 3 aminopeptidases (leucine arylamidase, valine arylamidase, cystine arylamidase), 2 proteases (trypsin and α-chemotrypsin) and 8 glycosyl hydrolases (α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, α-fucosidase). The activity of these hydrolytic enzymes in biosolids was determined according to the manufacturer’s instructions (BioMérieux), by means of aqueous extracts, in triplicate [58]. The aqueous extracts were prepared from a mixture of biosolid:distilled water (1:3, m/v), stirred for 20 min at 25 °C and centrifuged at 2000 rpm for 10 min as established by Tiquia et al. [34]. The supernatant was filtered and used for enzymatic analysis. In each dome, 65 µL of the supernatant was distributed, the chamber was covered and incubated at 37 °C for 4 h [58]. After incubation, 30 µL of each ZYM A and ZYM B reagent were added to each dome and allowed to stand for 5 min to reveal the colour change in the substrates. After this time, the enzyme activity intensity reading was taken by assigning numerical values from 0 to 5 to each reaction according to the manufacturer’s reading table and reported in the literature [34,36,37]. Colour intensity readings for enzymatic reactions were performed by 4 independent observers [38]. With the results obtained, an extracellular enzyme profile diagram was designed as established by Patel et al. [39]. The diagram is obtained by classifying the enzymes in the 5 families (phosphatase, esterase/lipase, amino peptidase, protease and glucosyl hydrolases) and their intensity was placed according to the following scale: (1) high activity for enzymes with intensity number obtained according to the manufacturer reading; (2) moderate activity for enzymes with intensity numbers between 2 and 3; (3) low activity for enzymes with intensity number 1; and (4) activity not detected for enzymes with intensity number 0. Subsequently, all the enzymes that showed activity ≥ 1, ≥2, ≥4 and =0 are added. Thus, the state of the hydrolytic activities of the enzymes were evaluated by API ZYM®.



In addition, the Shannon index was determined to assess the status of the microbial community in biosolids based on their distribution and diversity using Equation (1) [59].


   H ′  = −  ∑   p i  l n  p i   



(1)




where pi is the relationship of the activity of an enzyme to total enzyme activity. On the other hand, biochemical functional diversity or total enzyme activity was expressed by a synthetic enzyme index (SEI) that was calculated as reported by Dumontet et al. [31]. The SEI was evaluated as the sum of the colour intensity developed later in the enzymatic reactions translated into terms of amount of hydrolysed substrate, where 0 is 0 nmol of hydrolysed substrate, 1 is 5, 2 is 10, 3 is 20, 4 is 30 and 5 is ≥40 nmol hydrolysed substrate, respectively [35].




2.4. Statistical Analysis


Statistical analysis of the results obtained in physicochemical and biological characterisation was performed using the statistical analysis software, Minitab v. 18 [60]. The statistical significance of the differences between the parameter means was carried out by means of an ANOVA followed by a Tukey test (p ≤ 0.05). To calculate the general correlation between physicochemical and biological parameters, the Pearson product-moment correlation was used [39].





3. Results and Discussion


As an introduction to the results obtained, it is important to emphasize that sustainable management of biosolids requires that special attention be paid to the rate and type of biosolids most appropriate for the level of soil fertility required, in order to minimize the risk of eutrophication and maximize the benefits for soil ecosystem services [61,62,63].



3.1. Physicochemical Characterisation of Biosolids


The physicochemical characteristics of the biosolids at different times of the year are presented in Table 2. The pH values obtained ranged between 6.10 and 6.41, so they were considered slightly acidic. These pH values were not significantly different (F = 0.237, p = 0.869) from each other. The tendency to present a slight acidity may be due to the presence of organic acids derived from the degradation of organic matter present in wastewater. In other studies, in which biosolids have been generated from urban wastewater treatment and used for organic amendments, pH values have been reported in a range of 5.5 to 6.5 [13,63], similar to those obtained in this study. Torres et al. [64] established that the slightly acidic pH of organic amendments (e.g., biosolids) can be attributed to mineralisation processes of organic matter due to the presence of labile organic compounds available for microbial metabolism. These compounds may be aliphatic organic acids, amino acids and their polymeric derivatives (e.g., proteins and polypeptides), polysaccharides, lipids and other low molecular weight organic compounds. Thus, the slightly acidic pH of the evaluated biosolids may be related to the chemical composition of the organic matter present in the biosolids and their mineralisation. The EC in biosolids evaluated at different times of the year showed significant differences (F = 8.43, p = 0.007) (Table 2). Values between 1.60 and 5.71 dS m−1 were observed, which implied an important salt content, characteristic of biosolids from urban wastewater treatment [65,66]. The highest value was presented in spring (5.71 dS m−1) and the lowest in autumn (1.60 dS m−1). However, the EC values obtained were within the range of those reported in the literature (0.90 to 12.5 dS m−1) for biosolids generated during urban wastewater treatment of aerobic and anaerobic processes [67,68,69]. Studies on the application of biosolids and their effect on soil physicochemical properties have reported an increase in EC values, including as a function of the application rates used [19,70,71,72]. On the other hand, Lloret et al. [72] evaluated the effect of the application of biosolids coming from aerobic and anaerobic treatments on the chemical and biological properties of the soil. The evaluated soil presented an EC value of 0.48 dS m−1. After the application of the aerobic and anaerobic biosolids, the EC in the soil increased to 2.0 and 2.8 dS m−1, respectively, and these values were maintained for the 2 months that the experiment lasted. With this information, the EC and its variation in biosolids generated in urban wastewater treatment plants, both in aerobic and anaerobic processes, should be monitored over time [21,61], as well as before and after being applied to agricultural soils, to prevent possible salt accumulations causing salinity or salinity-sodicity problems in soils [73].



Under the same context, the benefit of applying biosolids as organic amendments to agricultural soils lies in the presence of labile organic matter, which can constitute an energy reserve in the soil [74]. Therefore, for a better use of biosolids, it is important to know the total organic carbon content (TOC) and its variation over time before its application to agricultural soils. TOC varied in the biosolids sampled at different times of the year in an interval of 36.90 to 57.94% (Table 2). The highest TOC value was in summer (57.94%) and the lowest was in winter (36.90%). The TOC values obtained at different times of the year were significantly different (F = 55.655, p = 0.000) from each other. With respect to TOC values in biosolids and sewage sludge reported in the literature, these are lower than those obtained in the present study. Rowell et al. [75], for the purpose of soil application, evaluated different biosolids from different UWWTP as a result of both aerobic and anaerobic wastewater treatment and digestion processes. The values obtained were lower than those obtained in this study ranging in a TOC range from 31.80 to 35.10%. In similar studies of different types of biosolids from aerobic digestion processes and activated sludge or anaerobic digestion systems, the average TOC values reported were below those obtained in this study [11,68]. Thus, the biosolids analysed in this study, despite their variability in TOC content, probably due to the biochemical composition of wastewater, wastewater treatments and sludge stabilisation processes, presented a high C content. It is then argued that the biosolids in this study can be used as potential sources of labile or affordable sources of C, for application in agricultural soils or with fertility problems. However, due to their variability, the need to monitor the TOC content of biosolids produced in the WWTPs over time, especially before and after their application to agricultural soils, is highlighted. The above is needed for a better design or application plan (dosage) and does not only consider the total amount of biosolids (Ton Ha−1), as is currently practiced at the local or regional level. In addition, due to the variability of TOC presented in the evaluated biosolids, it is important to establish short- and long-term studies on its effects on C mineralisation rates (CO2 emissions), incorporation into microbial biomass (MBC), enzymatic activities, and global C balances (inputs and outputs) when applied to soils. Biosolids have been characterised as an organic residue rich in nitrogen [19]. The TN content of the biosolids analysed at different times of the year ranged between 6.35% and 6.78%, with no significant differences (F = 0.200, p = 0.893) between them. From the values obtained, it was considered that the evaluated TN is a stable parameter regardless of the time of year in which it is analysed. In function to the non-variability in the N content observed in the evaluated biosolids, this parameter could then be used as an indicator or criterion of quality and functionality during the design of agronomic doses or application rates to agricultural soils or soils with N deficiencies. However, the values obtained were high (1.54 to 4.07%) compared to those reported in other studies where biosolids have been characterised for organic amendments to agricultural soils [11,18,75]. In the same context, the effect of applying biosolids to soils makes the N content increase and is also available to crops longer, especially when the organic N content is mineralised (nitrification) to inorganic forms, mainly N-NH4+ and N-NO3− [68,76,77]. Thus, a physicochemical indicator of functionality or quality of biosolids to consider, which is linked to biological processes of N mineralisation, can be, not only the N content in soil and N requirements in crops, but also the N content in biosolids, especially during the design of soil application dosages [19,78].



The content of C and N in biosolids are 2 parameters of interest during the application of organic amendment to soils. Although the C and N content in the analysed biosolids was high compared to the values reported in the literature, the C/N ratio was within the previously reported values [18,68]. The C/N ratio of biosolids ranged from 5.64 to 8.64 for different times of the year and were statistically different (F = 10.243, p = 0.004). The highest C/N ratio was presented in summer (8.64) and the lowest in spring (5.64). These results are within the range of 4.4 to 22.0 obtained for the C/N ratio of biosolids analysed in other studies [13,45,66]. Hseu and Huang [79], evaluated the mineralisation of N in 2 biosolids, 1 anaerobic and 1 aerobic, with a C/N ratio of 6.7 and 4.7, respectively, establishing that the C/N ratio is an important factor to evaluate in the mineralisation processes of biosolids in agricultural soils. Flores-Marguez et al. [67] conducted a study of biosolids mineralisation in agricultural soils and established that the C/N ratio was inversely related to the mineralisation rate of C and N. These results coincide with Brady and Weil [80] “organic amendments with low C/N ratio decompose more rapidly, once incorporated into the soil, than those with a high C/N ratio (>25). Matos et al. [11], established that low rates of C mineralisation in soils are potentially related to high C/N ratios (>30) and organic matter stability. Therefore, biosolids with an average C/N of 6.94 can conserve the C/N of the soil-biosolids system, without affecting C mineralisation rates by avoiding organic matter losses in the soil. One of the advantages of using biosolids as organic amendments is that they contain nutrients other than N, such as P and K, as well as micronutrients [81]. The content of P and K in the analysed biosolids was from 1.48 to 2.65% and from 0.59 to 1.09%, respectively. The content of P and K was significantly different (F = 51.778, p = 0.000 and F = 28.732, p = 0.001, respectively) between the seasons of the year. In spring, the highest P and K contents were presented, at 2.65 and 1.09%, respectively. The lowest value for P was 1.48% and corresponds to summer, while for K it was 0.59% in autumn. The results obtained from P and K in the evaluated biosolids were higher than those obtained by Paramashivam et al. [13], who reported P and K values for aerobic biosolids of 0.14 and 0.46%, respectively. Lü et al. [81] established that for different biosolids (aerobic, anaerobic and digested), the N, P and K content ranged from 2 to 8%, 1.5 to 3%, and 0.1 to 0.6%, respectively. The N and P content of the biosolids evaluated in this study were within the reported range; however, K was above that reported in other studies [81,82,83]. In addition, it is important to establish the amount of nutrients provided by biosolids as they are added to the soil, because although biosolids are a source of nutrients (N, P and K), they often do not replace the use of commercial fertilisers, since their content of N, P and K may be less than that required for crops. Zhang et al. [84] conducted a long-term field experiment (4 years) with 3 doses of biosolids applied to the soil and found that it was necessary to add chemical fertilisers of P and K to cover the growth needs of the crops. However, the P released (organic P to inorganic P) from the biosolids increased in the soil depending on the application rate of the biosolids.



Similarly, studies have reported that the content of K in biosolids (0.1 to 0.6%) is generally very small [82,83,84,85]. The low K content in biosolids significantly increases the nutrient imbalance in terms of the N:P:K ratio, so the most common practice is to add K fertilisers independently of biosolids when necessary [85]. However, the biosolids analysed in this work presented a content of 0.59 to 1.09% K, being above the commonly reported value for biosolids; however, they cannot be considered high without analysing the K content in the soil and the K requirements depending on the type of crop. Therefore, the importance of knowing the content of these macronutrients in biosolids is reiterated, in order to avoid adverse environmental effects or low crop yields.



The micronutrients present in the biosolids studied were Fe (16.10 to 39.28 g kg−1 dry biosolids), B (122.41 to 172.62 mg kg−1 dry biosolids), Mn (126.85 to 215.62 mg kg−1 dry biosolids), Zn (602.76 to 813.51 mg kg−1 dry biosolids), and Cu (95.22 to 132.42 mg kg−1 dry biosolids). These results are similar to some previous studies of different biosolids that have reported the presence of micronutrients [86,87,88]. From the above, the results established in the literature is confirmed in the sense that biosolids not only contribute organic matter to soils, but also macro and micronutrients that can be used by crops. However, the results obtained from all micronutrients in the evaluated biosolids were significantly different (Fe, F = 314.456, p = 0.000; B, F = 22.683, p = 0.002; Mn, F = 144.483, p = 0.000; Zn, F = 405.291, p = 0.000; Cu, F = 21.570, p = 0.003) at different seasons of the year. Confirming the importance of analysing the amount of each of these micronutrients present in biosolids and their evolution over time at the site that has been generated (e.g., UWWTP), as well as after being incorporated depending on the dose of application to the soil. In addition, the quantity of each of these elements required in the soil, as well as in the crops, must also be considered, taking into account the needs of each species to be cultivated in order to maintain a balance of micronutrients suitable both for the soil and for the plants.




3.2. Characteristics of the FTIR Spectrum of Biosolids


Fourier Transform Infrared Spectrometry (FTIR) was used to identify functional groups present in biosolids. The FTIR spectra for biosolids evaluated at different times of the year were very similar to that shown in Figure 2. The bands observed between 3400 and 3500 cm−1 were attributed to O–H stretching of hydroxyl groups in carboxylic groups, phenols, polysaccharides, and saturated aliphatic species [89,90]. In addition, aliphatic methylene groups between 2850 and 2930 cm−1 were detected in all biosolids samples, mainly related to fats and lipids [33,91,92]. Bands found between 1650 and 1750 cm−1, due to C=O stretching vibrations, indicated the presence of ketones, aldehydes, and carboxylic acid derivatives in biosolids [81,93]. On the other hand, the 1650 cm−1 band was attributed to C–N stretching vibrations in the primary amides of proteins [33,90,91]. The presence of primary amides in the evaluated biosolids is confirmed by the presence of bands between 1630 and 1640 cm−1, which corresponds to bending vibrations of N–H [92,94]. In addition, the absorption bands found that between 1540 and 1560 cm−1 were attributed to secondary amide bonds of protein origin that probably came from human cells present in biosolids [91,95]. Reflection spectral of bands observed that between 1430 and 1450 cm−1 indicated the presence of aliphatic chains, possibly hemicellulose and lignin, due to stretching and bending vibrations C–H in CH2/CH3 [90,93]. Likewise, the bands found that between 1440 and 1450 cm−1 have been attributed to aromatic compounds due to stretching vibrations C=C, mainly related to aromatic components of humic acids [81,96]. In addition, a characteristic band at 1434 cm−1 has been reported for aldehydes and ketones due to composting vibrations C=O, as a result of the presence of humic and fulvic acids in the stabilisation process of biosolids organic matter because of UWWTP secondary digestion treatments [92]. The bands found that between 1380 and 1400 cm−1 were attributed to symmetrical COO stretching and CH3 bending vibrations, related to proteins and lipids [93,95]. Likewise, bands observed between 1230 and 1250 cm−1 were associated with tertiary amines due to C–N stretching and N–H bending vibrations [90], as well as antisymmetric PO2 stretching vibrations related to compounds with phosphodiester bonds, such as phospholipids and nucleic acids: RNA (ribonucleic acid) and DNA (desoxyribonucleic acid) [94]. Finally, absorbance bands between 875 and 1050 cm−1 corresponded to C–O and C–C stretching vibrations caused by polysaccharides and aromatic compounds [81,92]. Overall, the band-reflection spectra obtained by FTIR from the evaluated biosolids were like the results reported in the literature on biosolids and sewage sludge [90,91,92,93]. In fact, these molecular analyses showed a similar chemical composition in all the biosolids analysed in the different seasons of the year, presenting mostly the same absorbance bands. Therefore, it was possible to mention that the evaluated biosolids presented the same functional groups indicating that the chemical compounds present in the different seasons of the year were very similar and of low variability.



With respect to the changes in the “absorbance intensity” of the bands identified in the FTIR reflection spectra, these changes were not significant (see Figure 3; A, F = 1.427, p = 0.304; B, F = 0.999, p = 0.441; C, F = 2.846, p = 0.106; D, F = 5.023, p = 0.030; E, F = 2.217, p = 0.122; F, F = 0.013, p = 0.998; G, F = 0.859, p = 0.500; H, F = 1.589, p = 0.267; I, F = 0.751, p = 0.552) between seasons of the year. It was then determined that the “functional groups” identified for each of the analysed bands were similar in all biosolids samples, regardless of the time of year. This may be due to the fact that the wastewater treated throughout the year has the same origin and the UWWTP wastewater treatment process has been stable, without significant modifications at least during the study period of the biosolids generated. It could also be inferred that during the evaluation period, the handling of sewage sludge and its stabilisation process to be transformed into biosolids was stable.



With the information obtained from the analysis of the absorption bands of the main functional groups evaluated in biosolids of the different seasons of the year, the presence of easily biodegradable molecules was established: carboxylic acids, proteins, lipids and aliphatic hydrocarbons, as well as recalcitrant or hardly biodegradable molecules (e.g., hemicellulose, cellulose and lignin). Therefore, establishing a “biostability indicator” related to the biodegradability of these biosolids is difficult without evaluating biological aspects related to the mineralisation processes of biosolids, such as microbial and enzymatic activity, and their relationship with the chemical composition of biosolids. Lü et al. [81], mentioned that microbial activity is directly associated with the content of bioavailable organic matter, and therefore, this parameter is relevant to being widely included during the evaluation of the “biostability” of organic residues such as biosolids. Thus, microbial activity reflected in enzyme activity may be directly related to the presence of some compounds in biosolids, e.g., lipases with lipids, proteases and aminopeptidases with peptides and proteins, phosphatases with phospholipids and nucleic acids, hydrolases glycosylated with aliphatic compounds, polysaccharides, etc. For this reason, it is important to evaluate biological characteristics not included in the sanitary regulations applicable to biosolids before and after their application to soils, especially to soils with agricultural activity.




3.3. Biological Characterisation of Biosolids


Biostability is a key feature in biosolids to evaluate their use as organic amendment in soils. In the last decade, studies in soils with various organic amendments have focused on using biological properties for their sensitivity to change, as indicators of the dynamics of organic matter transformation, nutrient cycling, stress and regeneration processes [66,97,98,99]. Therefore, it was important to evaluate biological parameters for 1 year to establish indicators of quality and functionality of biosolids that have been added to soils, and thus be able to elucidate the positive or negative effects of adding these biosolids to soils before their application.



The biological parameters evaluated in the biosolids obtained in the UWWTP can be found in Table 3. Microbial biomass (MB), defined as the living microbial component of an ecosystem [26], is the primary terrestrial ecosystem agent responsible for decomposition of organic matter, nutrient cycling and energy flow [100,101]. In addition, the MB is considered an important ecological parameter in environmental ecosystems, because it represents the amount of energy stored by microorganisms [102,103]. Through the establishment of MB in biosolids and by carefully interpreting their values, it is possible to evaluate and monitor the functionality and quality of biosolids as an organic amendment, and thus predict their effects on soil microbial activity and their relationship with productivity, fertility and resistance to degradation forces. In this case, the BM in biosolids was determined by 3 parameters: C for microbial biomass (MBC), N for microbial biomass (MBN) and the relationship between C and microbial N (Cmic/Nmic). These biological parameters were selected because they have been widely used in previous studies of agricultural soils with application of biosolids as organic amendment because they are considered as sensitive and rapid indicators of restoration or ecological stress of the soil or environmental system investigated [63,104,105]. The MBC and MBN are the most labile C and N stores in soils [106,107], so their values are likely to be altered quickly in the event of any disturbance in the ecosystem. In addition, MBC and MBN are general indices of microbial activity in soils [102,107]. Different soil management practices such as the addition of biosolids greatly affect the MBC and MBN in the soil [108]. For this reason, in order to understand the effect on soils of the application of biosolids, it is necessary to know the values of MBC and MBN in the biosolids before they are added to the soil. The results obtained from MBC in biosolids for different times of the year ranged between 587.22 and 1251.95 mg Cmic kg−1 dry biosolids. These results were significantly different (F = 26.318, p = 0.000) between seasons of the year (Table 3). In winter the lowest MBC content was presented (587.22 mg Cmic kg−1 dry biosolid) and the highest content was in summer (1251.95 mg Cmic kg−1 dry biosolid). The previous MBC values represented a range of 0.16 to 0.26% of the TOC present in biosolids for the different seasons of the year. However, these values are considerably lower than those established for soils where MBC corresponded to 1 to 3% of TOC [94,96]. The values obtained for MBC in biosolids at different times of the year were higher than those obtained in other agricultural soil studies with addition of biosolids where MBC values ranged from 20.1 to 820 mg C kg−1 dry soil [107,109]. Debosz et al. [109] observed that the application of biosolids to the soil presented a significant increase in MBC from the first 7 days to 60 days of application, and then a decrease to stabilize, so they considered the effect to be temporary. In addition, Fernandes et al. [108] found that MBC presented important variations at different application doses of biosolids to the soil, being directly proportional the increase of MBC with the application dose. However, none of these studies evaluated the MBC content of biosolids before they were added; therefore, with the results obtained in this study and as stipulated in the literature, it can be established that biosolids provide active microorganisms and affordable organic matter that could have a “positive synergy” with active soil microorganisms. This was stated in this study since in previous studies of application of biosolids to soils a biostimulation of soil MBC has been observed when using biosolids as an organic amendment.



In the same context, the results obtained for MBN in the evaluated biosolids ranged between 84.25 and 304.70 mg Nmic kg−1 dry biosolids, exhibiting very significant differences (F = 240.960, p = 0.000) between autumn biosolids compared to the biosolids of the rest of the year (Table 3). A content of MBN was observed that corresponded to a range of 0.13 to 0.46% of the NT present in biosolids for different times of the year. MBN in soils constitutes more than 5% of NT [107]. The MBN of biosolids was found to be below that reported in soils. The results reported in the literature for MBN of soil with added biosolids have ranged from 3.1 to 101 mg Nmic kg−1 dry soil [107,108,109]. However, based on previous studies [108,109], as with MBC, an increase in MBN would be expected with the addition of biosolids to soils. Masunga et al. [110] established that MBN in agricultural ecosystems controls the availability and loss of inorganic N from the soil, especially in systems with high N inputs such as agriculture. Therefore, adding an organic amendment, such as biosolids, with active microbial biomass (MBC and MBN) can affect natural soil processes, such as the mineralisation of C and N as a consequence of a change in microbial structure [65,111]. For this reason, it is important to evaluate both MBC and MBN in soils and biosolids as organic amendments [65,105].



With respect to the Cmic/Nmic relationship, this has sometimes been used to describe the structure and state of the microbial community [106]. On the other hand, the Cmic/Nmic ratio of microbial isolates, extracted from soils or obtained from culture collections and cultivated under optimal conditions, varies from 7 to 12 in fungi and from 3 to 6 in bacteria [24]. The results obtained in this study of Cmic/Nmic varied from 3.82 to 11.66 (Table 3) and presented significant differences (F = 23.377, p = 0.000) between the seasons of the year. During spring and summer, Cmic/Nmic values were >11, with no significant differences (F = 0.019, p = 0.898) between these 2 seasons of the year. However, in autumn and winter, the Cmic/Nmic ratio was <5, and there were also no significant differences (F = 1.992, p = 0.231) between them. With these results, it was deduced that in spring and summer there was a greater predominance of fungi in the microbiota of biosolids, while in autumn and winter there was a greater predominance of bacteria. The predominance of microbial flora in biosolids can also be attributed to climatic conditions, as in spring and summer 2018 the local ambient temperature ranged from 11.93 to 30.97 °C and 13.83 to 27.76 °C, respectively, in autumn and winter 2018 it ranged from 11.70 to 25.83 °C and 6.27 to 24.27 °C, respectively [112]. Thus, fungal growth is promoted in a temperature range of 20 to 40 °C [113], while for bacteria the range is 4 to 60 °C [114]. With this information, it is possible to explain the predominance of fungi in spring and summer and bacteria in autumn and winter.



With respect to the enzymatic activity of dehydrogenase (DSH), this enzyme is an indicator of microbial activity in biological systems such as biosolids, reflecting primary metabolism and cellular respiration because it only occurs in viable cells [115,116]. In the biosolids evaluated at different times of the year, values of 2209.51 to 2426.10 mg INF kg−1 dry biosolids h−1 were found. The DSH of the biosolids did not present significant differences (F = 3.009, p = 0.095) at the different times of the year. With this it can be considered that, independently of the time of the year in which the biosolids were produced, their microbiota presented a similar cellular respiratory activity and primary metabolism. On the other hand, the DSH activity of the biosolids analysed was higher than that reported in the literature in soils with different management histories [117,118,119]. Pascual et al. [120] studied the activity of DSH as a biomarker of degradation and remediation processes in abandoned natural and agricultural soils. They observed that natural soils had higher DSH activity (61.2 mg INF kg−1 dry soil h−1) compared to soils without agricultural activity for different periods. The decrease in DSH activity, which they reported over time, was attributed to the progressive erosion of soils without agricultural activity because of low levels of organic matter. Other studies applying biosolids to agricultural soils as an organic amendment have shown that DSH activity in soils increases with the addition of biosolids, which has been attributed to a high content of labile organic matter present in biosolids [121,122,123]. However, biosolids have not been considered to present a high DSH activity as evaluated in this study (DSH activity > 2000 mg INF kg−1 biosolids h−1). Therefore, the addition of these biosolids to soils would be expected to increase DSH activity, not only because of their high organic matter content, but also because of the contribution of an active microbiota with available enzymatic machinery adapted to the organic matter present in the biosolids. Finally, to obtain information as observed from the evaluated enzymatic activity (DSH), before the addition of biosolids to agricultural soils, this information could be used to predict, with more ecological and biological arguments, the positive or negative effects of microbial interactions in agricultural soils with added biosolids.



On the other hand, with respect to the secondary metabolism of microorganisms, which is related to reserve energy consumption [56], microbial activity was determined by hydrolysis of fluorescein diacetate (FDA) in biosolids. Fluorescein diacetate is hydrolysed by proteases, lipases, and esterases, which are enzymes involved in the microbial breakdown of organic matter [32,124]. At different times of the year, biosolids presented an FDA activity between 279.71 and 437.96 mg Fluorescein kg−1 dry biosolids h−1 (Table 3). Significant differences (F = 10.270, p = 0.004) from FDA between different seasons of the year were observed. In summer, it presented the lowest FDA activity (279.71 mg Fluorescein kg−1 dry biosolids h−1), and in autumn, the highest activity (437.96 mg Fluorescein kg−1 dry biosolids h−1). These values obtained at different times of the year could be due to the availability of energy reserve compounds in the biosolids, mainly lipids, esters and proteins as observed in the spectra of the FTIR analyses (Figure 1 and Figure 2, Table 3). The observed increase in FDA activity was also related to a high content of labile organic matter in the evaluated biosolids, i.e., easily mineralizable organic compounds available as substrates for microbial metabolism [105,125]. However, the values obtained for biosolids evaluated independently of the season of year were higher than those reported in the literature in soils and soils with added biosolids [66,126,127]. Gajda et al. [124] evaluated the changes in FDA activity of 2 types of soil, 1 silty and the other sandy, without addition of organic amendments and with the same types of tillage, finding that FDA activity ranged from 50.50 to 126.70 mg fluorescein kg−1 dry soil h−1 and from 40.20 to 77.20 mg fluorescein kg−1 dry soil h−1, respectively. These results were lower than those obtained in this study for biosolids of all seasons of the year; even in summer the value obtained was 2.2 times higher than the highest value obtained in the silty soil evaluated in that study. On the other hand, Carlson et al. [127], evaluated the effect on FDA activity by adding organic amendments to an agricultural soil with 5 treatments: (1) control; (2) 137 mg urban vegetative compost ha−1; (3) 202 mg biosolids ha−1; (4) 404 mg biosolids ha−1 and (5) designed mixture (202 mg biosolids ha−1, 10.3 mg biochar ha−1, and 5.7 µg Fe2O3 oxide ha−1), obtaining values of 38, 90, 75, 50, and 70 mg fluorescein kg−1 dry soil ha−1, respectively. Thus, Carlson et al. [127], established that the organic amendments they used significantly increased FDA activity in soil, especially with biosolids, and suggested that organic amendments may contain extracellular hydrolytic enzymes or microorganisms that have these enzymes. With the results obtained in this study, the FDA’s activity in biosolids could be demonstrated as suggested by Carlson et al. [127], and then it would be expected that by adding the biosolids evaluated in the present study to an agricultural soil, they would provide labile organic matter and enzymatic machinery already prepared for their degradation. In summary, an increase in FDA activity is expected by adding the evaluated biosolids to soils, as similarly reported in previous studies [66,125,127].



Barragán-Sánchez et al. [56], established a biosolids stability index expressed as DHS/FDA, providing information about the predominance between the primary metabolism (breathing processes, etc.) and the secondary metabolism (consumption of energy reserves) in the microorganisms present. If the DHS/FDA quotient is small, it can be mentioned that the secondary phase of metabolism referring to endogenous processes predominates in the system and vice versa. The results obtained in the biosolids analysed for this DHS/FDA index ranged from 5.55 to 7.99 mg INF mg−1 Fluorescein, and there were no significant differences (F = 3.96, p = 0.069) between the seasons of the year (Table 3). The results obtained from DHS/FDA were lower than those obtained by Barragán-Sánchez et al. [56], who obtained values of 58 to 10 µmol O2 µmol−1 FDA hydrolysed (equivalent to 164.49 to 28.37 mg INF mg−1 Fluorescein) during the monitoring of an aerobic process of stabilisation of residual sludge. With this it could be established that the secondary metabolism was the dominant one in the evaluated biosolids. The biosolids evaluated were a stabilised solid residue that is in a more markedly endogenous phase. Thus, when adding biosolids to agricultural soils, total enzyme activity in the soil would be expected to increase because the biosolids are in the endogenous phase, i.e., the microorganisms present are adapted and consume energy reserves for the production of hydrolytic enzymes that transform current organic matter into energy for the maintenance process [43,128]. This behaviour may also be related to the quality of organic matter present in biosolids [92,93], which according to the FTIR spectra observed (Figure 1 and Figure 2), was stable and with little variability during the different seasons of the year. Therefore, the type and quantity of substrates available in biosolids has a significant influence on the development and predominance of the endogenous phase of the microorganisms present. In the same way, it can be established that the evaluated biosolids possess, besides labile organic matter, extracellular enzymes ready for the process of mineralisation of organic matter.



In reference to the evaluation of extracellular enzymatic activities, the activity of urease (URS) in biosolids in different seasons of the year was evaluated. URS is an enzyme that catalyses the hydrolysis of urea into carbon dioxide and ammonia by acting on the C–N bonds of different peptides [129]. Therefore, the activity of the URS is of great importance in the biotransformation processes of nitrogenous organic compounds [99]. The values reached for the activity of URS in the biosolids analysed at different times of the year ranged from 109.82 to 194.55 mg N-NH4+ kg−1 dry biosolids h−1 (Table 3). The activity of the URS in the biosolids evaluated for the autumn presented significant differences (F = 17.771, p = 0.001) with respect to the rest of the year and was also the lowest value obtained (109.82 mg N-NH4+ kg−1 dry biosolids h−1). This could indicate that in autumn there could have been fewer nitrogenous organic compounds than in the rest of the year, so less urease enzyme activity was required. Previous research has focused on evaluating the effect of URS activity in agricultural soils with added biosolids but has not considered evaluating URS activity in biosolids per se for a better understanding of the mineralisation processes of nitrogen compounds after the addition of biosolids to soils. In investigations on the application of biosolids in agricultural soils, an increase in the activity of URS has been observed; however, the values obtained have oscillated from 20 to 100 mg of N-NH4+ kg−1 dry soil h−1 [108,122,127,129]. However, the results of the URS activity obtained in these studies were lower than those obtained in this paper. This enzymatic activity then becomes an indicator of the presence and potential contribution of nitrogenous sources of biosolids when applied to soils. On the other hand, with the results obtained, the importance of evaluating the activity of the URS in agricultural soils when biosolids are applied as organic amendment in short (maximum 180 days of incubation in laboratory experiments) and long (>1 year in field experiments) treatments was also established. Kızılkaya and Bayraklı [129] evaluated the effect of the addition of biosolids on URS activity at different doses of biosolids (0, 100, 200, and 300 ton ha−1) in agricultural soil in a short-term laboratory-scale incubation experiment (90 days incubation). In these experiments it was observed that the activity of the URS increased rapidly until reaching a maximum activity in 15 days after the application of the biosolids; then, the activity of the URS decreased significantly until reaching values below the initial values (day 0) at 90 days of incubation. However, other long-term studies (1 and 4 years, respectively) conducted by Roig et al. [122] and Carlson et al. [127] agreed that URS activity was not affected by the addition of biosolids to agricultural soils. Thus, the increase in URS activity in soils with short-term application of biosolids could be a consequence of the stimulation of endemic soil microorganisms by the addition of N present in biosolids, increasing their metabolic capacity, and therefore, the production and activity of the urease enzyme. However, this increase in URS activity in agricultural soils with the addition of biosolids in the short-term applications could also be attributed to the fact that biosolids provide both labile organic matter and microorganisms with active enzymatic machinery ready for N transformation. Hence, the importance of evaluating URS activity in biosolids before application to soil becomes clear, especially since biosolids have been presented as an organic amendment with an important content of nitrogen compounds, such as amides, peptides and proteins, as observed in studies and analysis of FTIR spectra (Figure 2 and Figure 3). Determining this enzymatic activity over time and in biosolids can be a usable indicator of quality and functionality to ensure the biotransformation of nitrogen-rich organic matter in soils prior to application.



Other biological parameters related to soil quality and functionality that have been used in assessing the effect of organic amendments such as biosolids on agricultural soils are the metabolic quotient (qCO2) and specific hydrolytic activity (qFDA) [47,66,130]. The qCO2 expresses the amount of CO2 produced per unit of biomass and time. This indicator has been used as an indicator of the physiological status of microorganisms in biosolids [66,131]. The qCO2 has also been used to detect alterations or stress of MB in the soil or in organic amendments due to disturbances or environmental changes [63,66,72]. The qCO2 obtained in the biosolids analysed in this study for each time of year were 157.95, 124.31, 115.42, and 270.19 mg C-CO2 g−1 dry biosolids d−1 for spring, summer, autumn and winter, respectively. Winter qCO2 was significantly different (F = 41.951, p = 0.000) from the rest of the year. Therefore, it can be attributed that during the winter the biosolids presented an alteration that allowed them to increase their respiration rate (Table 3). This increase could be possibly due to a lower MB content or climatic conditions, as already mentioned. The lower MB content or climatic conditions can propitiate a structural change of the microbial community [113]. Although there are no reported data in the literature on qCO2 for biosolids per se, Sciubba et al. [66] established that qCO2 in soils amended with biosolids presented a greater impact as the application rate of biosolids to the soil increased, thus confirming that qCO2 can emphasise the effects of biosolids on soil properties. Tian et al. [131] in a field study on the application of biosolids to agricultural soils in the long term (>20 years) found that qCO2 was lower in soil with application of biosolids than control soil without biosolids, thus concluding that there was an improvement in the microbial metabolism of C as a result of stress relief in soil microorganisms, due also to an increase in C sequestration in soils with biosolids. Thus, they expanded the concept of qCO2 to assess microbial stress relief and restoration of microbial physiology in agricultural soils with biosolids amendment. Lloret et al. [72] evaluated the application of 2 types of biosolids: aerobic thermophilic (AT) and anaerobic mesophilic (AM) to an agricultural soil to establish if there are differences of these biosolids according to the stabilisation processes with which they were obtained and found that qCO2 was higher in the soil with biosolids AM both with respect to the control soil (without amendment), as well as in the soil with biosolids AT. They concluded that AT biosolids produced minor changes in soil microbiota and improved soil microbial activity. Therefore, it is important to monitor these parameters in biosolids before their application to agricultural soils, to expect or not possible alterations to the soil microbiota and therefore to establish an adequate management of biosolids.



The qFDA is an index established by Perucci et al. [30] and was based on the measurement of the global hydrolytic capacity of a specific microbial biomass. The qFDA expresses the ratio of hydrolysed fluorescein diacetate (FDA) per C unit of microbial biomass [126,132]. This index has been used mainly for the evaluation of soil disturbance and stress due to the presence of xenobiotics [126]. The interest in using qFDA in the analysed biosolids was based on establishing if this parameter can be a useful tool, on the global hydrolytic activity and as a function of the C stored in the BM of the biosolids, which is very similar to how they have been used in soils [132,133]. The qFDA results obtained in the biosolids analysed for each season of the year were 356.27, 223.27, 381.57, and 636.39 mg Fluorescein g−1 Cmic h−1 for spring, summer, autumn and winter, respectively (Table 2). The winter, qFDA was significantly different (F = 23.371, p = 0.000) from the rest of the year. This behaviour was like that obtained for qCO2, presenting the highest values. Yakushev et al. [130] conducted studies on the effect on the physiological state of the microbial community in compost and vermicompost, revealing higher qCO2 and qFDA, indicating that organic matter is less accessible to microorganisms and that there is a greater consumption of energy for oxidation of substrates. Sánchez-Monedero et al. [126] evaluated the effect on qFDA dynamics during the application of biosolids compost to agricultural soils in an incubation experiment at 60 days. These researchers observed that qFDA was characterised by stable values during incubation time, i.e., qFDA dynamics were not affected by incubation time and addition of biosolids. Thus, it can be deduced that in winter the biosolids under study presented a more complex chemical composition, probably due to the presence of recalcitrant compounds, with respect to the other seasons of the year, presumably making the organic matter of the biosolids less accessible in winter. So, it can be established that the qFDA parameter in biosolids could be a useful quality and functional indicator, giving valuable information on the accessibility of organic matter in biosolids before its application to soils.



Biological parameters evaluated in biosolids, such as MBC and MBN content, as well as, the Cmic/Nmic ratio, demonstrated that biosolids have a significant content of active microorganisms, which could be produce a “positive synergistic” effect on the activity of soil microorganisms. In addition, in the biosolids evaluated over time, it has been possible to elucidate a high metabolic activity (DSH, FDA, and URS activity), presumably due to the content of substrates such as polysaccharides, proteins, fats and lipids that are easily assimilated by the microorganisms present. In addition, the DSH/FDA ratio established a predominance for secondary metabolism due to the presence of energy reserve compounds already mentioned. Due to the active enzymatic machinery, this will facilitate the mineralisation of the organic matter of the biosolids, reducing the energetic barrier for the decomposition of the foreign complex organic matter for the microorganisms of the soil. The qCO2 and qFDA allowed for the evaluation of the physiological state of the microorganisms of the evaluated biosolids, giving information through time about their capacity to assimilate the organic matter present in the biosolids, which will depend on the labile or complex chemical composition it has. Thus, having information on the biological/biochemical/molecular status of biosolids before their application to soils will allow predicting possible positive as well as negative effects on them, and thus will allow making better decisions on the management and disposal of these biosolids as an amendment or soil improvers, especially agricultural ones.




3.4. Extracellular Enzyme Profiles per API ZYM® Kit for Biosolids


The mineralisation of organic matter is mainly mediated by microorganisms, which possess the adequate enzymatic machinery to obtain the energy necessary to carry out their metabolic processes [39,134]. The enzymes involved in the degradation of organic matter can be divided into hydrolytic enzymes that are responsible for the acquisition of C, N and P to support primary and oxidative metabolism, oxidative enzymes that degrade recalcitrant compounds such as lignin during in the acquisition of nutrients [135,136]. These groups of enzymes may respond differently to the addition of organic amendments such as biosolids. Torri et al. [62] stated that the addition of biosolids to soils can improve and maintain biological activity in soils over the long term. However, little information is available on the enzymatic activity of biosolids due to the lack of methodologies or analytical methods that provide information quickly and inexpensively. In recent decades, the API ZYM® system has been used and validated to evaluate enzymatic profiles of soils, compost, activated sludge and sediments [34,36,37,38,39,44,134,137,138]. However, the API ZYM® system has not been used directly and over time in biosolids samples as a system for the rapid determination of 19 extracellular hydrolytic enzymatic reactions related to the C, N and P cycles. The objective of using the API ZYM® system to evaluate biosolids at different season of the year was to quickly obtain information on the extracellular enzyme profile of biosolids. With the information obtained, it could be used as a background on the possible positive or negative effects on soil functional diversity when biosolids are used as an organic amendment. The extracellular enzyme profile of the biosolids analysed for each season of year is shown in Figure 4. The enzyme activity was classified into 5 families: (1) phosphatases (catalyses the removal of phosphate groups from substrates as nucleic acids), (2) esterases-lipases (hydrolyse ester bonds mainly in fats and oils), (3) aminopeptidases (hydrolyse peptide bonds in peptides), (4) proteases (hydrolyse peptide bonds in proteins) and (5) glycosyl hydrolases (catalyses the hydrolysis of glycosidic bonds in carbohydrates). The enzymatic activities presented differences and similarities for each season of the year.



In spring, a mainly moderate enzymatic activity was obtained (Figure 4). Within the 19 enzymes determined in biosolids in March and April, only 1 enzyme showed no activity, and it belonged to the family of glycosyl hydrolases. In biosolids produced in May, there were no activities of 3 enzymes, 2 glycosyl hydrolases and 1 protease. Low enzymatic activity in 4, 7 and 5 enzymes were detected in biosolids for March, April, and May, respectively. These enzymes belonged to the families esterases-lipases, aminopeptidases, proteases and glycosyl hydrolases (Figure 4). The enzyme activity of the biosolids was moderate for March, April, and May in 10, 6 and 8 enzymes, respectively, and were distributed within the 5 families. In March, April and May biosolids, high enzyme activity was presented for 4, 5 and 3 enzymes, respectively, mainly from the phosphatase family.



In summer, the enzyme profile of biosolids showed a predominantly high enzyme activity for all enzyme families. Undetected enzyme activity was obtained for 1 glycosyl hydrolase enzyme in June and July biosolids, while in August there were 2 enzymes, 1 glycosyl hydrolase and the other aminopeptidase. In June, low biosolids biological activity was obtained for 3 enzymes of the glycosyl hydrolases and aminopeptidases families. Moderate summer enzyme activity was presented in 9, 6 and 3 enzymes for June, July and August biosolids, respectively (Figure 4). The esterases-lipases and aminopeptidases families were the main ones that presented moderate enzymatic activity. The high enzyme activity for June, July and August biosolids was exhibited in 6, 12 and 4 enzymes, respectively. The families of phosphatases, proteases and glycosyl hydrolases had an important activity in summer.



In autumn, the enzyme activity of biosolids was moderate to high; however, this was the season of the year with the highest number of enzymes with undetected activity. In September and November there was undetected enzyme activity in 4 enzymes, and in October there was undetected enzyme activity in 6 enzymes. The aminopeptidase family showed no enzyme activity in any of the biosolids samples analysed for the fall. There was low enzyme activity in September and October in the biosolids observed in this phenomenon in 4 enzymes. In November this low activity was only present in 5 enzymes. Most of the low activity enzymes were glycosylhydrolase. With moderate enzyme activity, 5, 2 and 4 enzymes were obtained for the September, October and November biosolids, respectively (Figure 4). The predominant moderate enzymatic activity in the biosolids in the autumn season corresponded to phosphatases, being that this time of the year was the one that had less enzymatic activity for this family of enzymes in the analysed biosolids. Finally, for the biosolids analysed in autumn in the months of September and November, the number of enzymes with high activity was 6 and 7 for the biosolids of October, mainly from the families of proteases and hydrolases of glycosil.



In winter, the enzymatic activity of the biosolids analysed in a different season of the year was moderate to high. In the biosolids of December and February, the enzyme α-Fucosidase showed no activity. Low enzyme activity was detected for 5 enzymes in December and January and 4 enzymes for February, mainly from the aminopeptidase family. Thus, moderate enzyme activity for December biosolids was obtained in 6 enzymes, and for January and February biosolids, 8 enzymes were distributed in the 5 families (Figure 4). Finally, 7 enzymes presented high activity for December and 6 enzymes for January and February, with the proteases and glycosyl hydrolases families standing out.



The extracellular enzyme profile (Figure 4) showed that 9 enzymes were similar in “intensity” during different season of the year (acid phosphatase, phosphohydrolase, alkaline phosphatase, esterase lipase, trypsin, α-chemotrypsin, β-glucosidase, N-acetyl-β-glucosaminidase, α-fucosidase). On the other hand, 10 enzymes showed differences in intensity during different season of the year (esterase, lipase, leucine arylamidase, valine arylamidase, cysteine arylamidase, α-galactosidase, β-galactosidase, β-glucoronidase, α-glucosidase and α-manosidase). These results demonstrated that biosolids are not only a source of organic matter, but also have an important contribution of hydrolytic enzymes, confirming the importance of evaluating the biological parameters in biosolids prior to their addition to soils. However, the enzymatic machinery of the biosolids varied in the intensity of their activity in more than 50% of the 19 enzymes. Nevertheless, in average for all seasons of the year, 13 enzymes present an activity with a moderate to high intensity, which can positively influence the mineralisation processes of organic matter, mainly in hydrolysis process considered as the limiting stage of the transformation process of organic matter [139]. Extracellular soil enzymes are synthesised and secreted by soil microorganisms and are the proximate agents of organic matter formation and decomposition [140]. The activities of soil enzymes can provide useful information on the mechanisms of microbial sensitivity to the addition of C, N and P. From the above, the importance of establishing that enzymatic activities exist in biosolids before their application to matrices that are also complex in their enzymatic machinery, such as soils, is further emphasised. Thus, it is possible to elucidate even more that enzymatic activities are predominant and which ones cease or which changes exist after the application of these biosolids and how to correlate them with the processes of mineralisation, assimilation and maintenance of sources of C, N and P in soils.



Also, depending on the results of this study, the importance of knowing beforehand and its evolution over time of enzymes and their activities in biosolids to further elucidate the possible synergies or ecological relationships of microorganisms of biosolids and their enzymes with microorganisms and their hydrolytic enzymes in the soil that support the primary and oxidative metabolism for the acquisition of sources of C, N and P was established. The study also established the importance of knowing beforehand the evolution of enzymes and their activities in biosolids to further elucidate the possible synergies or ecological relationships of microorganisms of biosolids and their enzymes with the microorganisms and their hydrolytic enzymes in the soil that support the primary and oxidative metabolism for the acquisition of sources of C, N and P. An example of possible and complex enzymatic relationships of the addition of organic amendments to soil can be established with the one reported by Wang et al. [140], who reported that the increase of N inputs increased the activity of N-acetyl-β-glucosaminidase but decreased the activity of β-glucosidase in 3 sizes of soil aggregates.



The profile of the 5 families of extracellular enzymes in biosolids, evaluated in the different seasons of the year, was compared based on their contribution percentages of their analysed activities (Figure 5). The microbial communities of the analysed biosolids reflected a variation in their availability to synthesise hydrolytic extracellular enzymes in different seasons of the year. In general, the family of enzymes, phosphatase, esterase/lipase and glycosyl hydrolase, which are related to the P and C cycles, were more actively synthesised in biosolids regardless of the season and they were not statistically different (F = 1.921, p = 0.20; F = 1.569, p = 0.272; F = 1.325, p = 0.332, respectively). However, in the 2 families of enzymes related to the N cycle, amine peptidases and proteases, the behaviour was different. In the amino peptidases no significant difference was found (F = 2.078, p = 0.182) at any time of the year. However, significant differences were found in the proteases evaluated in biosolids at different times of the year (F = 5.547, p = 0.023). Thus, the biosolids have an active hydrolytic enzymatic machinery during different seasons of the year, but their synthesis is not constant at all times and can be attributed to the chemical composition and the variable content of microbial biomass in the biosolids (see Table 3).



Some mathematical indices have been used to describe the “richness and distribution” of species of organisms in a community, including the Shannon Diversity Index (H’) and the Synthetic Enzyme Index (SEI). The Shannon Diversity Index reflects the heterogeneity of a community based on 2 factors: the number of species (richness) and their relative abundance [59,141]. Shannon diversity index values were generally between 1.5 and 4.0, where values close to 1.5 indicate low diversity, and values close to 4.0 indicate high diversity [142]. In addition, the Shannon Diversity Index has been used to describe the status of the microbial community and its response to stress caused by disturbances in the environmental matrix [39]. Thus, stressed microbial communities with low diversity are less adapted to cope with environmental changes and stress than biologically adapted communities with a higher degree of diversity [109,143]. Shannon diversity index calculations obtained in this study for different seasons of the year ranged from 2.46 to 2.78 (Table 4). In addition, the results obtained did not present significant differences (F = 0.989, p = 0.445) between seasons of the year. With this, it can be deduced that the microbial diversity present in biosolids was similar always of the year and that their diversity was catalogued as average. These results meant that biosolids, regardless of the season of year in which they were obtained, were homogeneous in terms of both the number of microbial species and their relative abundance. Therefore, they can be considered with a biologically adapted microbial community capable of tolerating environmental changes and stress. Thus, biosolids being used as an organic amendment in soils can be expected to have a positive effect on the processes of adaptation and changes in the microbial structure of soils. Finally, the Shannon index could contribute to providing valuable information on the degree of biological stability (bioindicator) of a biosolid, applicable to agricultural soils as an organic amendment. This bioindicator would be based on the determination of microbial diversity as a function of changes in its enzymatic activities, especially when there is a lack of information on the composition of the structure and its microbial functioning in biosolids.



The synthetic enzymatic index (SEI) is an index that represents the sum of all enzymatic activities in the evaluated environmental matrix [33,143], as well as the metabolic activity or biochemical functioning of the evaluated substrate or, in this case, the biosolids [31,143]. The SEI then becomes a “biochemical fingerprint” [33]. The maximum and minimum SEI values were 760 nmol hydrolysed substrate (high functional diversity) and 0 nmol hydrolysed substrate (low functional diversity); this is because it was obtained through the sum of the 19 hydrolytic enzymes obtained in the APIZYM system for each biosolid. The SEI in biosolids ranged from 293.33 to 488.30 nmol hydrolysed substrate at different season of the year and were significantly different (F = 4.721, p = 0.033). The lowest SEI value (293.33 nmol hydrolysed substrate) was obtained in spring, and the highest (488.30 nmol hydrolysed substrate) was obtained in summer. In autumn and winter, the values of SEI were 311.72 and 331.79 nmol hydrolysed substrate and were not different from each other (F = 0.398, p = 0.562) compared to those from the other seasons of the year. Thus, it can be established that the functional diversity of biosolids is within a medium activity. The SEI can also relate microbial enzymatic activities to the degradation processes of organic matter—that is, the greater the enzymatic activity, the greater the degradation of organic matter and vice versa [31]. Thus, it was established that biosolids in spring had less potential for organic matter degradation than those obtained in summer. Therefore, this parameter is important for biosolids to be used as an organic amendment, since having a high SEI could have a greater impact on processes related to the degradation and mineralisation of organic matter added to the soil and the recycling of its nutrients.




3.5. Relationship between Biological and Physicochemical Parameters and Nutrient Content


Analysis of the establishment of possible relationships of biological parameters linked to nutrients and physicochemical parameters were established. This was done in order to see dependencies or influences of the biological parameters on those. A product-moment correlation of Pearson was made (Table 5). Significant correlations occurred for MBC, MBN, Cmic/Nmic, DSH activity, FDA activity, URS activity, qCO2, qFDA, H’ and SEI. MBC correlated positively with TOC, C/N, Fe, B and Mn and negatively with P, Zn, Cu, qCO2 and qFDA. MNB had positive correlations with B and FDA and negative correlations with K, Zn, Cu, Cmic/Nmic and H’. The Cmic/Nmic relationship correlated positively with EC, URS and H’ and negatively with FDA and qFDA. The DSH activity only presented negative correlation with SEI. The FDA activity presented negative correlations with Fe, URS and H’. URS activity correlated positively with K, Cu and H’ and negatively with B and N-MB. The qCO2 showed positive correlations with Zn, Cu, and qFDA and negative correlations with TOC, B and Mn. qFDA correlated positively with TOC and Zn and negatively with C/N, Fe and Mn. With respect to H’ index, there was a positive correlation with Fe and SEI. SEI correlated positively with TOC, Fe and Mn.



Regarding the establishment of correlations between physicochemical and biological parameters (Table 5), it was observed that MBC, MBN, Cmic/Nmic, qCO2, qFDA and URS activity could be used to predict the behaviour of some physicochemical properties such as TOC or of agronomic interest in biosolids samples. For example, a high MBC content would correspond to a high TOC content in biosolids (r = 0.798, p ≤ 0.01), and a high MBN content would imply significant FDA microbial activity (r = 0.723, p ≤ 0.01) in biosolids. Thus, these parameters could also be used as quality and functionality indicators of biosolids for use as organic amendment and predict the possible positive or negative effects of their addition to agricultural soils. Among the effects that could be highlighted could be the availability or loss of inorganic N in the soil, affecting the mineralisation processes of C and N as a consequence of the addition of a substrate with active microbial biomass in terms of MBC and MBN, as well as qCO2 and qFDA, as has been described in the literature by Scciuba et al. [105] and Molina-Herrera and Romanyà [111]. Another important effect to consider is a temporary increase of MBC in agricultural soils with the addition of biosolids as established by Debosz [109].





4. Conclusions


Biosolids proved to be a rich source of organic matter, as well as of macro- and micronutrients. The pH was slightly acidic, which could be favourable for agricultural soils with alkalinity problems. However, the electric conductivity was established as a parameter to be considered when establishing the application doses of biosolids to agricultural soils, especially those soils that present salinity or sodicity problems. In reference to the chemical-molecular composition of biosolids determined by FTIR analysis, it was concluded that biosolids can provide molecules, functional groups or chemically similar compounds, independent of the time in which these biosolids are generated, minimising the problem of their variability, which is a problem presented if they are used as an organic amendment to soils in the short- and long-term. With respect to biological properties, it was established that biosolids present an active microbial biomass that when applied in agricultural soils can present positive synergies with microorganisms present in soils and positively impact the mineralisation processes of C and N sources over time. This was supported by the presence of various enzymatic activities in the biosolids evaluated over time. On the other hand, with respect to microbial diversity in the biosolids evaluated, it was concluded that this was stable or similar throughout the year, reflected in the Shannon index obtained. This stability denoted a “uniformity” that translates, in the ecological context, into a richness and relative abundance of microbial species present in biosolids and desired in complex ecosystems such as soils. Moreover, the biosolids presented a mean functional enzymatic diversity determined by SEI, concluding that microbial biomass and its enzymatic activities were active with high potential to influence processes related to the mineralisation of organic matter and the recycling of nutrients when the biosolids were applied to soils. Finally, in reference to the established correlations of physicochemical parameters with biological parameters measured over time, it is concluded that microbial biomass carbon, microbial biomass nitrogen, urease activity, metabolic coefficient, specific hydrolytic activity, Cmic/Nmic ratio and synthetic enzymatic index are parameters that could be used as indicators of biological quality and functionality of biosolids before being used as organic amendments or fertilisers, especially for soils with agricultural activity.
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Figure 1. Location map of the urban wastewater treatment plant of the municipality of Celaya, Guanajuato, Mexico with geographical coordinates 100°51′64′′ W and 20°30′78′′ N. 
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Figure 2. FTIR spectra of biosolids collected and evaluated in the UWWTP during different season of the year. 
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Figure 3. Distribution of absorbance intensity for each set of peaks found in the FTIR analysis of biosolids samples for each season of the year. Each box in the bars represents the absorbance peaks ordered according to wavelength: (A) 3400–3500 cm−1, (B) 2850–2930 cm−1, (C) 1650–1750 cm−1, (D) 1630–1650 cm−1, (E) 1540–1550 cm−1, (F) 1430–1450 cm−1, (G) 1380–1400 cm−1, (H) 1230–1250 cm−1 and (I) 875–1050 cm−1. 
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Figure 4. Profile of 19 extracellular enzymes determined by the API ZYM® system in the biosolids analysed during one year of UWWTP operation. The shading in the table represents the relative abundance of enzymes. The values are as follows: White, not detected; light grey, low intensity reactions (value = 1); dark grey, moderate intensity reactions (value = 2 and 3); black, high intensity reactions (value = 4 and 5). The number of enzymes showing reactions ≥1, ≥2 and ≥4, as well as the total number of enzymes showing no activity for each month are indicated below each column. 






Figure 4. Profile of 19 extracellular enzymes determined by the API ZYM® system in the biosolids analysed during one year of UWWTP operation. The shading in the table represents the relative abundance of enzymes. The values are as follows: White, not detected; light grey, low intensity reactions (value = 1); dark grey, moderate intensity reactions (value = 2 and 3); black, high intensity reactions (value = 4 and 5). The number of enzymes showing reactions ≥1, ≥2 and ≥4, as well as the total number of enzymes showing no activity for each month are indicated below each column.



[image: Applsci 10 00517 g004]







[image: Applsci 10 00517 g005 550] 





Figure 5. Contribution of extracellular enzyme activity separated into families for biosolids obtained at different times of the year. The bar represents the standard deviation of 3 replicates. Different letters on each column represent significant difference for that family of enzymes between seasons of the year. 
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Table 1. Regulatory standards for the application of biosolids in soils established in national and international standards.
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Parameter

	
Value *

	
MPL of Contaminants in Biosolids




	
Mexico

	
EE. UU.

	
E.U.






	
Fecal coliforms (MPN g−1)

	
210,000

	
<2,000,000

	
<2,000,000

	
N.R.




	
Salmonella sp. (MPN g−1)

	
<3

	
<300

	
<4

	
N.R.




	
Helminth Eggs (eggs g−1)

	
<1

	
<35

	
<1

	
N.R.




	
As (mg kg−1)

	
1.81

	
75

	
41

	
N.R.




	
Cd (mg kg−1)

	
7.41

	
85

	
39

	
20–40




	
Cu (mg kg−1)

	
107.28

	
4300

	
1500

	
1000–1750




	
Cr (mg kg−1)

	
28.46

	
3000

	
N.R.

	
N.R.




	
Hg (mg kg−1)

	
1.03

	
840

	
17

	
16–25




	
Ni (mg kg−1)

	
30.19

	
57

	
420

	
300–400




	
Pb (mg kg−1)

	
38.19

	
420

	
300

	
750–1200




	
Zn (mg kg−1)

	
707.95

	
7500

	
2800

	
2500–4000








* The results are reported on a dry basis and are the average of the data obtained in the half-yearly analyses carried out by UWTP of Celaya from 2014 to December 2018. MPL = Maximum permissible limit; EE. UU. = United States; E.U. = European Union; N.R. = Not regulated. MPL data were obtained for Mexico from NOM-004-SEMARNAT-2002, for the United States from EPA Standard 40CFR- 503 and for the European Union from 86/278/EEC [21,22,23].
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Table 2. Physicochemical characteristics and nutrient content in biosolids collected and evaluated in the urban wastewater treatment plant (UWWTP) at different season of year.






Table 2. Physicochemical characteristics and nutrient content in biosolids collected and evaluated in the urban wastewater treatment plant (UWWTP) at different season of year.





	
Parameters

	
Biosolids Analysed for Each Season of the Year




	
Spring

	
Summer

	
Autumn

	
Winter






	
pH

	
6.10 ± 0.17 a

	
6.20 ± 0.40 a

	
6.17 ± 0.17 a

	
6.41±0.83 a




	
EC (dS m−1)

	
5.71 ± 1.93 a

	
3.38 ± 1.25 a, b

	
1.60 ± 0.01 b

	
1.65 ± 0.18 b




	
TOC (%)

	
37.25 ± 4.37 c

	
57.94 ± 1.25 a

	
50.25 ± 0.96 b

	
36.90 ± 1.17 c




	
TN (%)

	
6.67 ± 0.98 a

	
6.78 ± 0.82 a

	
6.59 ± 0.47 a

	
6.35 ± 0.42 a




	
C/N

	
5.64 ± 0.78 b

	
8.64 ± 1.18 a

	
7.65 ± 0.56 a, b

	
5.83 ± 1.38 b




	
P (%)

	
2.65 ± 0.17 a

	
1.48 ± 0.14 b

	
1.76 ± 0.03 b

	
2.28 ± 0.13 a




	
K (%)

	
1.09 ± 0.12 a

	
0.69 ± 0.07 b, c

	
0.59 ± 0.03 c

	
0.86 ± 0.04 b




	
Fe (g kg−1) ͳ

	
16.10 ± 0.40 c

	
39.28 ± 1.77 a

	
20.43 ± 0.59 b

	
17.34 ± 1.91 c




	
B (mg kg−1) ͳ

	
143.33 ± 12.01 b

	
145.00 ± 8.00 b

	
172.62 ± 2.13 a

	
122.41 ± 8.41 b




	
Mn (mg kg−1) ͳ

	
130.00 ± 8.00 c

	
215.62 ± 7.39 a

	
166.30 ± 4.59 b

	
126.85 ± 7.56 c




	
Zn (mg kg−1) ͳ

	
778.67 ± 13.50 b

	
635.65 ± 10.55 c

	
602.76 ± 2.34 d

	
813.51 ± 10.58 b




	
Cu (mg kg−1) ͳ

	
133.64 ± 12.01 a

	
112.39 ± 5.56 b

	
95.22 ± 2.84 b

	
132.42 ± 5.64 a








EC = Electrical conductivity, TOC = Total organic carbon and C/N = carbon-nitrogen ratio. The values are the mean ± standard deviation (3 replicates). Rows with different letters are significantly different according to Tukey’s analysis with p ≤ 0.05. ͳ The units correspond to biosolids on a dry basis.
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Table 3. Biological characteristics in biosolids collected and evaluated in the UWWTP at different season of the year.
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Parameters

	
Biosolids Analysed for Each Season of the Year




	
Spring

	
Summer

	
Autumn

	
Winter






	
MBC (mg Cmic kg−1) ͳ

	
966.6 ± 46.4 b

	
1251.9 ± 134 a

	
1149 ± 115 a,b

	
587.2 ± 76.7 c




	
MBN (mg Nmic kg−1) ͳ

	
84.25 ± 10.6 b

	
109.3 ± 1.4 b

	
304.7 ± 32.9 a

	
119.0 ±20.1 b




	
Cmic/Nmic

	
11.66 ± 2.09 a

	
11.46 ± 1.32 a

	
3.82 ± 0.77 b

	
5.07 ± 1.32 b




	
DSH (mg INF * kg−1 h−1) ͳ

	
2631.8 ± 147 a

	
2209.5 ± 119 a

	
2426.1 ± 230 a

	
2277.6 ± 225 a




	
FDA (mg F ** kg−1 h−1) ͳ

	
342.7 ± 40.0 b

	
279.7 ± 30.0 b

	
437.96 ± 44.2 a

	
368.6 ± 24 a, b




	
DSH/FDA (mg INF mg−1 F *)

	
7.78 ± 1.35 a

	
7.99 ± 1.26 a

	
5.55 ± 0.22 a

	
6.21 ± 0.84 a




	
URS (mg N-NH4+ kg−1 h−1) ͳ

	
186.0 ± 17.1 a

	
194.5 ± 23.0 a

	
109.8 ± 7.7 b

	
186.5 ±13.7 a




	
qCO2 (mg C-CO2 g−1 Cmic d−1)

	
157.95 ± 7.40 b

	
124.31 ± 13.5 b

	
115.42 ± 11.6 b

	
270.19 ± 32.9 a




	
qFDA (mg F ** g−1 Cmic h−1)

	
356.27 ± 56.7 b

	
223.27 ± 4.84 b

	
381.57 ± 26.9 b

	
636.39 ± 106 a








The results are the mean ± standard deviation (3 replicates). Rows with different letters are significantly different according to Tukey’s analysis with p ≤ 0.05. ͳ The units correspond to biosolids on a dry basis. * INF = Iodonitrotetrazolium formazan (1-(4-Iodophenyl)-5-(4-nitrophenyl)-3 phenyl formazan). ** F = Fluorescein.
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Table 4. Indices of microbial and functional diversity of biosolids collected and evaluated in the UWWTP at different season of the year.
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Parameters

	
Biosolids Analysed for Each Season of the Year




	
Spring

	
Summer

	
Autumn

	
Winter






	
H’

	
2.61 ± 0.08 a

	
2.78 ± 0.17 a

	
2.46 ± 0.12 a

	
2.60 ± 0.10 a




	
* SEI

	
293.3 ± 63.3 b

	
488.3 ± 115.6 a

	
311.7 ± 36.9 a, b

	
331.7 ± 40.7 a, b








The results are the mean ± standard deviation (3 replicates). Rows with different letters are significantly different according to Tukey’s analysis with p ≤ 0.05. * (nmol hydrolysed substrate).
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Table 5. Pearson’s product moment correlation coefficient between biological and physicochemical parameters in the biosolids collected and evaluated in the UWWTP at different season of the year.
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	Parameters
	Correlation Coefficient (r2)
	Parameters
	Correlation Coefficient (r2)





	MBC
	
	FDA Activity
	



	TOC
	0.798 **
	Fe
	−0.585 *



	C/N
	0.643 *
	URS
	−0.643 *



	P
	−0.585 *
	H’
	−0.832 ***



	Fe
	0.646 *
	
	



	B
	0.693 *
	URS Activity
	



	Mn
	0.748 **
	K
	0.578 *



	Zn
	−0.823 ***
	B
	−0.702 **



	Cu
	−0.631 *
	Cu
	0.637 *



	qCO2
	−0.957 ***
	H’
	0.714 **



	qFDA
	−0.899 ***
	
	



	
	
	qCO2
	



	MBN
	
	COT
	−0.692 *



	K
	−0.707 **
	B
	−0.798 **



	B
	0.753 **
	Mn
	−0.624 *



	Zn
	−0.660 *
	Zn
	0.810 ***



	Cu
	−0.791 **
	Cu
	0.650 *



	Cmic/Nmic
	−0.729 **
	qFDA
	0.892 ***



	FDA activity
	0.723 **
	
	



	URS activity
	−0.900 ***
	qFDA
	



	H’
	−0.701 **
	TOC
	0.712 **



	
	
	C/N
	−0.580 *



	Cmic/Nmic
	
	Fe
	−0.655 *



	EC
	0.794 **
	Mn
	−0.711 **



	FDA activity
	−0.744 **
	Zn
	0.641 *



	URS
	0.618 *
	
	



	qFDA
	−0.647 *
	H’
	



	H’
	0.721 **
	Fe
	0.69 *



	
	
	SEI
	0.832 ***



	DSH Activity
	
	
	



	SEI
	−0.627 *
	SEI
	



	
	
	TOC
	0.613 *



	
	
	Fe
	0.803 **



	
	
	Mn
	0.639 *







Only significant correlations are shown. The data include all biosolids samples collected in different seasons. *, ** and *** indicate p values less than 0.05, 0.01 and 0.001, respectively (n = 36).
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