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Abstract

:

Reusing organic waste as fertilizer is one method to reduce the use of mineral fertilizers and minimize waste disposal in landfills. Regulations have been enacted for the processing of organic waste and for recycling end products, but the humic content of organic fertilizers has been neglected. We studied seven composts with different organic input materials and technologies. Humic substances (HSs) were detected in all composts. The total organic carbon in the HSs constituted 8.7 ± 0.1% (SD)–27.0 ± 0.2% of the compost dry matter. Spectral differences between the studied samples in FTIR spectroscopy could be observed at 1700–1000 cm−1, indicating differences in compost precursor material. The EEM peak, associated with humic acids (HAs), was high in composts containing animal by-products (e.g., fish waste, horse manure, and kitchen biowaste). Kitchen biowaste, also when processed by Hermetia illucens larvae and vermicompost, exhibited slower organic material transformation with low humic acid/fulvic acid ratios (<1.60). The results show the importance of source material origin and amendments, which influence the composting process and final products. Our study emphasizes the role of humic substances in the comprehensive evaluation of composts. To maximize the added value of composts, marketing strategies should consider determining the share of humic substances besides the content of organic matter and nutrients.
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1. Introduction


With rapid urbanization and population growth, global annual waste is expected to increase by 3.4 billion tons by 2050 [1]. It is estimated that, across the European Union (EU), up to 138 million tons of bio-waste is generated annually, of which only 60 million tons is recycled through composting and anaerobic digestion [2]. About 120–130 tons of bio-waste are generated in Estonia annually, of which 30% is recycled. Unsegregated bio-waste is incinerated or disposed in a landfill [3]. Managing this waste to minimize environmental impacts is increasingly important. Waste disposal, especially organic waste disposal in landfills, causes various environmental impacts, including landfill gases, contributing to air pollution and climate warming and leachate contaminating groundwater [4]. Within the framework of a circular economy, EU waste policies (directives 2018/850 and 2018/851) aim to reduce the landfilling of municipal waste to 10% of current levels by 2035 and to increase the re-use and recycling of municipal waste up to 65% [5,6]. This ambitious policy objective is only achievable by implementing organic-waste-management strategies.



The dependence on mineral fertilizers for agriculture can threaten food security if they become less available. Limited reserves of mineral fertilizer raw materials and changes in supply chains due to various environmental, political, and epidemiological crises all affect the price and availability of mineral fertilizers [7,8]. At the same time, the EU is conducting the Green Deal, which aims to reduce greenhouse gas pollution and slow down climate change [8]. To increase self-sufficiency and reduce environmental impacts, the supply of alternative fertilizers could be increased at the local level.



It was stated within EU regulation 2019/1009 that organic fertilizer shall contain organic carbon (Corg) and nutrients of a solely biological origin [9]. Composting is a common biological treatment option, suitable for processing organic waste from various sources. Mature compost is a stable and nutrient-rich, humus-like product, representing a valuable source of recovered nutrients. The concentration of nutrients is determined by input materials. The determination of total nutrient contents for fertilizing purposes is regulated, but results do not describe the proportion of nutrients that are readily available to plants [10,11]. The quality of mature compost is described as a combination of two criteria. First, the precautionary criteria (hygiene parameters, impurities, weed seeds, and inorganic pollutants, such as heavy metals) set limits to prevent environmental pollution and the spread of diseases [9]. Second, quality criteria provide information about fertilizing properties, such as nitrogen (N), phosphorus (P), potassium (K) and micronutrients, organic matter content, salinity, and pH [12,13].



Composts tend to be compared to mineral fertilizers, despite having more complex compositions [14,15]. A distinctive feature of compost is the presence of natural organic matter, reflecting a wide range of environmental and biowaste degradation processes. In Europe, an estimated 45% of soils are low in organic matter content, which lowers soil productivity and increases the risk of soil degradation [16]. With climate change, it is estimated that global air temperatures will increase by 2 °C by 2100 compared to pre-industrial levels, which will change environmental conditions and agricultural production [8,17]. Soils with a higher organic matter content are more resistant to drought and climate change [18]. Organic matter is a nutrient reservoir and can retain nutrients in a plant-available form. Compost can also help restore humus in degraded soils [14,18,19]. While compost has various quality standards regarding fertilizing properties and has limits to prevent environmental pollution and the spread of diseases, it is often overlooked that compost adds humic substances (HSs) to the soil [9,20]. HSs, including humic acids (HAs), fulvic acids (FAs), and humin, are part of the soil organic matter (SOM) that forms humus [21]. The formation of fertile soil layers rich in humic substances can take decades in nature, but it takes 6–12 months to produce a humic-acid-like substance by composting [22,23]. HSs are important in soil restoration processes and can be used to promote nutrient uptake, increase soil porosity, enhance nutrient preservation and water-holding capacity, and reduce the abundance of pathogens [24,25]. HS concentration in the compost is correlated with compost maturity and provides added value to the waste material [26,27]. Therefore, the benefits of composts are described by nutrient and HS contents. These natural biostimulants can be an important marketing tool for composts, which are primarily used in agriculture.



The aim of this study is to compare various composts to quantify HSs and determine whether HS content depends on input materials (manure, sewage sludge, vermicompost, fish, food, yard waste, and black soldier frass) or the selected treatment. These results will draw attention to an important feature of compost that has been underappreciated in compost evaluation and marketing processes.




2. Materials and Methods


2.1. Selection of Composts


Seven composts of different source materials were investigated. Composts were produced from low-valued fish (C1), horse manure (C2), green waste (e.g., branches, leaves, plant residues) (C3), sewage sludge (C4), and kitchen biowaste (C5). In addition, Hermetia illucens frass (C6) and vermicompost (C7) were selected. All composts were prepared in Estonia by different manufacturers or by the authors. Four composts (C2–C5) were industrially produced and commercially marketed. Composts C3, C4, and C5 were certified according to the Estonian end-of-waste regulation [28], while certification was not required for C2 because manures are not classified as waste. Composts C1, C6, and C7 were experimental (Table 1), and compost amendments and composting technologies were determined by the manufacturer. Straw is a dry and widely available bulking material in Estonia; therefore, it is well-suited for composting wet waste, such as sludge. Shredded wood, another common bulking material, and straw increase porosity, improve air circulation, and adjust C/N ratios (20–30)/1.



Composts C1–C5 were processed on an industrial scale in outdoor windrows and mixed mechanically with a Backhus 16.30 windrow turner (Eggersmann Anlagenbau GmbH, Bad Oeynhausen, Germany) or an CMC ST 300 windrow turner (Composts Systems GmbH, Wels, Austria). All windrows were approximately 1.5 m high, 3 m wide, and 12 m long and were covered with semi-permeable geotextile KSV 200 (Compost Systems GmbH, Wels, Austria). All composts were maintained in accordance with national biowaste recycling regulations [28,29]. For waste containing animal by-products (ABPRs), such as fish waste and horse manure, the temperature exceeded 70 °C for at least 1 h, as required by EU regulations (EU 142/2011) [10]. To compost biodegradable waste, including kitchen waste and sewage sludge, the temperature had to exceed 55 °C for 10 d or 65 °C for at least 3 d [12,13]. The active composting period was considered complete when the temperature dropped to an ambient level, and after mixing the windrows, no significant temperature increase occurred.



Compost C1 was an experimental treatment made by the authors at an industrial scale. For C1, the targeted waste material, measured as wet weight, was fish by-catch (ABPRs, 22%) amended with structural materials, wheat straw (22%), peat (22%), and inoculated with composts from similar previous batches (34%). Peat and mature compost, which have a small particle size, also served as a binder for fish material [30]. Compost C2 was composed of horse manure (ABPRs, 60%) amended with straw (40%). Compost C3 consisted of municipal sewage sludge (WWTP with a load of 16.733 PE) amended with straw. The ratio of sludge to straw was 1:1 by volume, resulting in a 9:1 ratio by weight. Compost C4 was composed of biowaste from urban green areas. Compost C5 was made of source-separated household biowaste amended with shredded wood (1:1 by volume) and 6% of category III ABPRs from the chicken industry. Treatments C2–C5 were compatible with national compost quality regulations [28].



Treatments C6 and C7 were prepared on a pilot scale. For C6, H. illucens larvae were fed for 51 d, with the frass in contact with fresh feed. The frass was sieved off every two weeks during the cycle. Feed consisted of approximately 150 L of raw vegetable and fruit waste. To ensure a suitable moisture content, hot-pressed rapeseed cake, rye/wheat bread, and 2 L of canola oil were used. In addition to vegetable and fruit waste, approximately 90 L of catering waste was used.



For treatment C7, Eisenia fetida were fed in quadruplicate three-liter mesocosms for 136 d. In the beginning of the experiment, 20 earthworms were applied in each mesocosm (average mass 4.12 g). The experiment was conducted in a temperature-controlled room at 22 °C. Moisture was controlled weekly using the hand-held W.E.T. Sensor Kit (Delta-T Devices, Cambridge, England). Vermicompost moisture was kept in a range of 75–80%, as recommended by Khan et al. [31]. The organic feed was mixed with 50 g of biochar (Biolan Baltic OÜ, Lavassaare, Estonia), with properties described by Escuer, 2021 [32]. Biochar was added to increase reproduction and create favorable conditions for E. fetida, while also enhancing microbial biodegradation and the composting process [31,33]. For amendments, milled straw, garden and kitchen green waste, and shredded paper were used. Feed calculations assumed that individual E. fetida consume half of its body mass per day. Later, feeding was adjusted based on earthworm performance in the mesocosms. For the first feeding, 200 g of feed with 50 g of biochar was applied.




2.2. Chemical Analyses


Approximately 250 g of mature compost from three random locations were collected and homogenized from each treatment. For treatments C1–C5, the compost samples were collected 20–30 cm inside the windrow. For treatment C6, H. illucens frass was sieved and homogenized before sampling. For treatment C7, subsamples were taken from four replicate mesocosms and mixed to obtain one homogenous sample per mesocosm. Subsamples were collected based on volume, and earthworms and cocoons were separated by hand.



Samples were dried at 105 °C and ball-milled prior to analysis. Elemental analysis (C, N) was conducted using a VarioMAX CNS analyzer (ELEMENTAR, Langenselbold Germany). Potassium (K), calcium (Ca), magnesium (Mg) contents, and phosphorus (P) were determined using the ammonium acetate–lactate (AL) method as described by Egner et al. [34].



Lipids were extracted using 10 g of dried compost sample and 10 mL of CHCl3. The extract was filtered after 24 h through filter paper into a pre-weighed Petri dish. The air-dried lipids were weighed, and their proportion in the compost was calculated.




2.3. Extraction of Humic and Fulvic Acids


For HA extraction, 5 g compost and 50 mL 2% NaOH solution were combined and stirred for 4 h. The suspension was filtered and acidified with 6M HCl under constant stirring until pH = 2 was reached, HA precipitated, and only FA remained in the solution. Freeze-dried HA were used to prepare HA solution (50 mg/L) using 0.1 NaOH [35].



Characterization of isolated humic and fulvic acids were conducted as suggested by Klavins and Purmalis [36]. The ratio of HA/FA was calculated the using total organic carbon (TOC) values in HA and FA solutions. TOC analyses were performed using a Shimadzu TOC-V CSN total carbon analyzer (Shimadzu Corporation, Kyoto, Japan), operating at 720 °C.




2.4. UV–Vis Absorption Spectra of HA


The absorbance of solubilized HA (50 mg/L) in 0.1 M NaOH was measured using a UV–Vis spectrophotometer Shimadzu UV-1800 (Shimadzu Corporation, Kyoto, Japan), with a 1 cm quartz cuvette and a wavelength range of 230–670 nm. Absorbance ratios, E2/E3, were calculated using UV–Vis absorption at 250 nm and 365 nm, and E4/E6 was calculated from the UV–Vis absorption at 465 nm and 665 nm [37,38].




2.5. Fourier-Transform Infrared Absorption Spectra (FTIR) of HA


To obtain the spectra, 3 mg of HA sample and 200 mg of KBr powder were mixed together, and 30 mg of the mixture was weighed and compressed into a tablet. The FTIR spectra were obtained using a Fourier-transform infrared spectrophotometer Shimadzu IR-Tracer 100 (Shimadzu Corporation, Kyoto, Japan), at an infrared spectrum of 400 to 4000 cm−1, with a resolution 4 cm−1, and by taking 10 scans.




2.6. Excitation Emission Matrix (EEM) Spectroscopy of HA and FA


Extracted HA and FA samples were analyzed using fluorescence spectroscopy TL spectrometer HORIBA Aqualog (Horiba Ltd., Kyoto, Japan). The EEM spectra were measured at an emission wavelength range of 250–600 nm and an excitation wavelength range of 250–600 nm scanning with 5 nm increments. The obtained spectra were evaluated with PARAFAC analysis using MATLAB R2014 a v. 5.3.0.532 software with the DOMFluor and drEEM toolboxes [39].




2.7. Statistical Analysis


Statistical analysis was performed in R [40]. The results of elemental composition, TOC, and lipids results were presented as mean values of triplicate measurements and compared using ANOVA with a post-hoc Tukey’s HSD test [41].





3. Results


The nutrient content and pH of the composts is presented in Table 2. Composts C3 and C6 had a remarkably high P concentration, and C5 showed the lowest P and highest N concentration, concurrently. Compost C6 had the lowest Ca and Mg content, while both of these nutrients were high in C2 and C4. The pH of the treatments ranged from 5.77 to 8.10.



The humification of organic material can be estimated from the HA/FA ratio (Table 3). A higher HA/FA ratio corresponded to higher humification rates of the organic material. The highest HA/FA ratios were measured in treatments C2 (7.88) and C4 (7.82), whereas the lowest HA/FA ratios were observed in treatments C6 (1.46) and C5 (1.42). Treatments C6 and C5 had the highest concentrations of lipids (2.1% and 4.2%, respectively).



The spectral ratio E4/E6 shows the overall aromaticity and condensation of the material and can characterize the size of molecules (Table 3) [37]. E4/E6 depends on the source material. The smallest E4/E6 ratio, indicating the greatest organic matter polymerization, was observed in compost C6 (6.40), followed by C5 (6.88) and C2 (6.95). The lowest aromaticity was observed in compost C7 (8.59). E2/E3 describes not only aromaticity, but also the degradation of original material, including the degradation of phenols [37]. When E2/E3 is <3.5, the content of HA is higher than that of FA [42]. For all composts, the ratio varied in the range 2.38–2.66.



The UV–Vis spectra of HA (Figure 1) monotonically decreased with the increasing wavelength. The absorption peaks of UV–Vis spectra between 255 and 290 nm are typical for aromatic or unsaturated compounds, such as quinones and ketones [36]. These spectra were visible for C1, C2, and C3. Composts C4, C7, and C6 had small shoulders of spectra, and C5 did not exhibit a shoulder of spectra.



The FTIR spectra of the analyzed samples had a similar pattern, showing the similarity of the obtained HSs and absorption at 3600–3000 cm−1, representing -OH groups (Figure 2). Methyl groups in aliphatic compounds were visible at 2920 cm−1 and were similar in all samples [43]. At 1700 cm−1, the spectra showed the absorption of C=O bonds in carboxyl groups, aldehydes, ketones, and esters, with higher rates in samples C3, C4, C5, and C7. The region at 1637–1610 cm−1 shows significantly less signal for C7 and moderately less for C2. Different from other composts, C5 had a small absorption in C-N and N-H bonds in amides, and C7 had none. The region at 1470–1370 cm−1 represents carbonyl acids and phenols, and there were visible differences for samples C7 and C5, where the presence of those bands was low. Carboxylic groups and ethers were present in all compost HA samples, with slightly higher amounts for C1 and C4.



Common, and at the same time similar for all samples, was the presence of C-O in carboxyl groups and ethers. The region at 1070–1020 cm−1 describes the C-O bonds in polysaccharides, with noticeably less in the C2 and C5 samples. The presence of detected structural features describes the condensation and conjugation of organic material during composting processes.



The compost EEM fluorescence spectra for FA and HA are shown in Figure 3 and Figure 4. All samples exhibited one FA peak at Ex/Em 340–350/440–450 nm, which is related to the FA visible area and associated with polysaccharides. A very small peak was present at Ex/Em 420–450/520–550 nm, representing condensed aromatic structures [44,45].



Other fractions of humic material, such as HAs, have different compositions and dominant peaks in the EEM. Common peaks vary only by dominant peak and relative height for HA, and they include Ex/Em 350–380/470–510, 430/520, and 460–470/540–560 nm. The peak Ex/Em 350–380/470–510 nm is associated with HA-like substances, which form during the humification of composting organic matter [46]. This peak dominated in samples C1, C2, and C5 and was the second largest peak in samples C4 and C6. Similar to FA, the EEM for HA was Ex/Em 430/520 nm peaks, associated with the degradation and condensation of organic material. Ex/Em 460–470/540–560 nm dominated in samples C4, C5, and C7, which probably indicates the presence of lignin from structural amendments (shredded wood, straw, paper). Treatment C6 differed from other samples, with the core of HA peaking at Ex/Em 370–410/610–630 nm. The origin of these compounds could be fresh plants and fruits added to compost and characterized by low degradation rates and chlorophyll [47].



Figure 5 illustrates the comparative evaluation of studied composts, considering both nutrient and HS indicators. On the PCA biplot, composts C1, C5, and C7 group together, mainly due to low HSs, while C3 shows elevated HSs and P, and C6 is rich in P and N with average HSs.




4. Discussion


The selected composts varied in input material, selection of treatment, and the active composting time (d). These features are known to affect the concentration and type of HSs in the final product [25,48,49].



In the treatment of organic waste, the concentration of humus-like substances and the degree of humification of hydrophilic components increases, and the structure of the substance becomes more stable [50]. HSs are biostimulants that enhance nutrition efficiency, abiotic stress tolerance, and/or crop quality traits [9,51]. All compost treatments in the present study contained HSs, including HA and FA. While all treatments presented an FA peak for polysaccharides, they differed more relative to the HA peak, showing that input materials directly influence the core structure of HA in mature compost. As shown previously, various input materials contain different amounts of basic components that form HSs [25,50]. Organic waste, rich in polyphenols, amino acids, and reducing sugars can promote overall HS production [52].



During composting, the concentration of FAs decreased, whereas the concentration of HAs increases. HAs are generated in the last stage of composting; thus, an increased concentration of HAs indicates a higher maturity of the compost. Compost is considered mature if the HA/FA ratio is higher than 1 [15,25,53,54], and the HA/FA ratio is also affected by the type of organic material. For example, the lowest HA/FA was in treatment C5, which contained a high quantity of food waste. Amino acids and sugars, e.g., polysaccharides, break down easily and are first to form FA, and then HA [55]. The highest HA/FA ratio was in treatment C2. After fermentation in animal guts, horse manure contained a high proportion of lignin from hay and grass, aromatic compounds, and older material. Lignin and aromatic compound remnants could be the core of the initial HA, and less FAs are formed [23,26].



The chemical structures of HSs were similar in the compost treatments. As shown previously, the UV–Vis spectra of hydrophilic components decreased monotonically, and the observed spectra were typical of aromatic or unsaturated compounds, such as the conjugation of quinones and ketones [50,56].



Treatments C1, C2, and C5, which contained different ABPRs (e.g., fish waste, horse manure, chicken body parts), had a dominant HA peak, reflecting the HA-like substances formed during humification. ABPRs are rich in nutrients and add microorganisms to the composting mixture. In addition to the source materials, the content of HSs depends on the amounts of nutrients (e.g., C, N) and the presence of microorganisms [57]. Humification is more intense and achieved more quickly if composting piles are inoculated with microorganisms. Composts inoculated with microorganisms stimulated the degradation of hemicellulose, cellulose, and lignin by 28%, 21%, and 25%, respectively [58]. The greater the amount of amino acids and reducing sugars produced during degradation, the higher the positive effect on HS synthesis [52].



Treatments C4, C5, and C7 had a dominant peak in the area representing lignin-like structures. These treatments contained large quantities of green waste (e.g., branches, leaves), shredded wood, straw, and paper, which are rich in cellulose and lignin. Selected bulking material affects the composting duration and product quality, as material rich in cellulose and lignin can influence the humification process [25]. These kind of materials decompose more slowly; therefore, they can slow down composting processes and humification [59].



Treatment C6 differed from other composts made from more traditional composting technologies. C6 contained frass from H. illucens larvae activity, as well as from chitin and food residues during feeding, and the core structure of HA differed compared to other treatments. Although H. illucens larvae frass can be used as an organic fertilizer, the fresh frass might have contained phytotoxins, which decrease plant growth [60]. To increase the concentration of HA and the stability of the frass, it is suggested to post-compost the frass [60,61].



It has been shown, that H. illucens treatment can increase the HA/FA ratio and improve humification [62]. Compared to other treatments, C6 had the lowest E4/E6 ratio, indicating a more advanced humification. However, the HA/FA ratio was quite low, reflecting a high FA concentration. H. illucens can also suppress pathogens and is therefore suitable for processing manure in addition to food waste [60,63].



The highest aromaticity was in compost C7, indicating that by vermicomposting, HA is a more aggregated macromolecule with a more incomplete humification processes [64]. However, it has been proposed that there is no direct relationship between aromaticity and humification, and vermicompost can be used as a soil improver [50].



The quality of composts is reflected by the content of both HSs and nutrients. Although some composts may have a lower nutrient concentration, they may still be a valuable source of HSs. The total value of compost is thus reflected by the nutrient content, the disclosure of which is currently required by regulations (Appendix A) [9,13]. Depending on the main purpose of compost application, the effects of added nutrients or added HSs can be the primary advantage of using compost. Including HS data for composts yields a better comprehensive evaluation. Composts C2 and C4 were grouped together on the PCA bioplot, considering only their nutrient content, but elevated HSs in compost C2 signified an advantage over C4 (Figure 5). Composts with a high proportion of HSs, but a relatively low nutrient content, can provide a maximum fertilizing effect when used together with mineral fertilizers. Thus, soil health and nutrient content are ensured to improve crop yield [65,66].



Although different treatments varied in HS concentrations, both HA and FA act as biostimulants and promote plant growth [67,68]. Compared to chemical fertilizers, composts increase the content of soil-available nitrogen (N) and soil organic carbon (SOC) and improve soil fertility [69]. Furthermore, using composts can decrease eutrophication risks caused by the excessive use of chemical fertilizers and the subsequent discharge into surface waters [25]. Because all composts included HSs, their use provides an advantage over using mineral fertilizers alone.




5. Conclusions


A variety of organic materials can be processed with different treatments (windrow composting, insect frass formation, vermicomposting, etc.) and durations, which all influence the properties of the final product. The present research indicates that, regardless of the input organic waste and composting technology, all studied organic fertilizers are a valuable source of HSs, including HA and FA. The presence of HSs is an advantage over mineral fertilizers alone. All samples exhibited a fluorescence EEM peak of FA associated with polysaccharides. The HA peak dominated in composts comprised of animal by-products, such as fish waste, horse manure, and kitchen biowaste. The core structure of humic acids in H. illucens larvae frass differed from other treatments.



Compost quality was assessed commercially by nutrient content and contamination criteria, without considering HSs. To improve soil health and fertility, the concentration and characteristics of HSs could serve as a comprehensive indicator for compost quality evaluation. While HSs act as important biostimulants, their presence and features affect compost’s fertilizing value. In the present study, we showed the importance of HS content and properties in a comprehensive evaluation of compost quality.
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Table A1. “Indicators to be measured and presented.“ from the Regulation of the Republic of Estonia. “Requirements for production of compost from biodegradable waste” RT I, 18.12.2020, 23 2021. issued by the Minister of the Environment.






Table A1. “Indicators to be measured and presented.“ from the Regulation of the Republic of Estonia. “Requirements for production of compost from biodegradable waste” RT I, 18.12.2020, 23 2021. issued by the Minister of the Environment.





	
Indicator

	
Parameter

	
Measurement Unit

	
Assessment Result






	
Improvement of soil qualities

	
Organic substance (OM)

	
[% in dry matter]

	
≥15% presentation




	
Fertilising qualities

	
Total nitrogen (N)

	
[% in dry matter]

	
presentation




	
Total phosphorus (P)

	
[% in dry matter]

	
presentation




	
Total potassium (K)

	
[% in dry matter]

	
presentation




	
Material qualities

	
Maximum size of particles

	
[mm]

	
presentation




	
Overall density

	
[g/L]

	
presentation




	
Water content

	
[g/L]

	




	
Salinity/conductivity

	
[mS/m]

	
presentation




	
pH value

	

	
presentation
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Figure 1. UV–Vis spectra. Compost labels according to the target waste: C1 fish waste; C2 horse manure; C3 sewage sludge; C4 green waste; C5 kitchen biowaste; C6 H. illucens frass; and C7 vermicompost. 
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Figure 2. Fourier-transform infrared (FTIR) spectra of humic acids from compost samples. Compost labels according to the target waste: C1 fish waste; C2 horse manure; C3 sewage sludge; C4 green waste; C5 kitchen biowaste; C6 H. illucens frass; and C7 vermicompost. 
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Figure 3. Composition of fulvic acids (FAs) for different treatments. Compost labels according to the target waste: (C1) fish waste; (C2) horse manure; (C3) sewage sludge; (C4) green waste; (C5) kitchen biowaste; (C6) H. illucens frass; and (C7) vermicompost. The color scale is presented in relative units. 
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Figure 4. Composition of humic acids (HAs) of different treatments. Compost labels according to the target waste: (C1) fish waste; (C2) horse manure; (C3) sewage sludge; (C4) green waste; (C5) kitchen biowaste; (C6) H. illucens frass; and (C7) vermicompost. The color scale is presented in relative units. 
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Figure 5. Principal component analysis (PCA) of composts based on nutrient and humic substances’ (HSs) TOC concentrations. Axis 1 explains 48.1% of the variance, and axis 2 explains an additional 25.5% of the variance. Compost labels according to the target waste: C1 fish waste; C2 horse manure; C3 sewage sludge; C4 green waste; C5 kitchen biowaste; C6 H. illucens frass; and C7 vermicompost. 
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Table 1. Characterization of composts. The active period (d) indicates the duration that composts C1–C5 were in outdoor windrows, and for C6–C7, the feeding period of H. illucens larvae or E. fetida, respectively.
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	Compost
	Target Waste
	Amendments
	Scale
	Certified

Quality

Regulations
	Active

Period (d)
	Composting Site Location





	C1
	Fish waste
	Straw, peat,

inoculum from previous composts
	Industrial
	No
	185
	58°28′41.08″ N

24°49′28.66″ E



	C2 *
	Horse

Manure
	Straw
	Industrial
	Yes
	90
	58°28′41.08″ N

24°49′28.66″ E



	C3 *
	Sewage sludge
	Straw
	Industrial
	Yes
	120
	58°13′37.89″ N

26°23′10.17″ E



	C4 *
	Green waste from municipal areas
	None
	Industrial
	Yes
	>180
	59°28′14.63″ N

24°54′43.97″ E



	C5 *
	Kitchen

Biowaste
	Shredded wood
	Industrial
	Yes
	130
	59°27′36.08″ N

25°5′17.18″ E



	C6
	Cafeteria and grocery store biowaste
	None
	Pilot
	No
	51
	58°23′30.76″ N

26°41′40.43″ E



	C7
	Kitchen

biowaste
	Straw, paper, green waste, biochar
	Pilot
	No
	365
	58°23′30.76″ N

26°41′40.43″ E







* Commercially produced compost.
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Table 2. Elemental composition and pH of the composts. Mean ± standard deviation (SD) of triplicate measurements compared using ANOVA with post-hoc Tukey’s HSD test.
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Compost

	
N

	
C

	
C/N

	
Ca

	
K

	
Mg

	
P

	
pH




	

	
%

	
ratio

	
µg/g

	






	
C1

	
4.3 ± 0.1

	
65.3 ± 0.3

	
15.19

	
493 ± 8

	
1910 ± 25

	
80 ± 5

	
1469 ± 18

	
5.77




	
C2

	
4.5 ± 0.1

	
62.7 ± 0.3

	
13.93

	
1472 ± 20

	
4700 ± 30

	
234 ± 5

	
1122 ± 20

	
7.40




	
C3

	
5.7 ± 01.

	
60.5 ± 0.3

	
10.61

	
546 ± 9

	
791 ± 12

	
91 ± 5

	
2782 ± 20

	
6.29




	
C4

	
3.8 ± 0.1

	
63.2 ± 0.3

	
16.63

	
1224 ± 12

	
4164 ± 30

	
145 ± 5

	
796 ± 12

	
7.80




	
C5

	
8.6 ± 0.1

	
61.9 ± 0.3

	
7.20

	
947 ± 10

	
6412 ± 35

	
58 ± 5

	
120 ± 8

	
6.85




	
C6

	
7.9 ± 0.1

	
60.5 ± 0.3

	
7.66

	
<32

	
114 ± 8

	
<3

	
2432 ± 20

	
8.10




	
C7

	
6.0 ± 0.1

	
62.8 ± 0.3

	
10.47

	
759 ± 8

	
578 ± 10

	
120 ± 5

	
839 ± 12

	
7.69
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Table 3. Characterization of HSs in composts. TOC = total organic carbon in humic substances. TOC and lipids are presented as % of compost dry matter. Mean ± standard deviation (SD) of triplicate measurements compared using ANOVA with post-hoc Tukey’s HSD test. Connecting letters represent significantly different measurements.
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Compost

	
TOC

	
HA/FA

	
E2/E3

	
E4/E6

	
Lipids




	

	
%

	

	

	

	
%






	
C1

	
12.0 ± 0.2 a

	
5.70

	
2.65

	
7.78

	
1.5 ± 0.1 b




	
C2

	
27.0 ± 0.2 c

	
7.88

	
2.57

	
6.95

	
1.5 ± 0.1 b




	
C3

	
25.7 ± 0.2 c

	
4.73

	
2.49

	
8.33

	
1.5 ± 0.1 b




	
C4

	
18.0 ± 0.2 ab

	
7.82

	
2.56

	
7.34

	
1.7 ± 0.1 b




	
C5

	
15.3 ± 0.2 a

	
1.42

	
2.38

	
6.88

	
4.2 ± 0.1 a




	
C6

	
17.1 ± 0.2 a

	
1.46

	
2.66

	
6.40

	
2.1 ± 0.1 b




	
C7

	
8.7 ± 0.1 d

	
1.60

	
2.61

	
8.59

	
1.4 ± 0.1 b
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