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Abstract: Applying organic waste and inorganic additives during composting can be an effective and easy-to-control strategy for optimizing humification, maturation, and the availability of essential mineral elements in compost. In this respect, this study aims to evaluate the effect of organic (olive-mill waste and horse manure) and inorganic (phosphogypsum) additives on the evolution of maturity indices, aromatic compounds, and nutrient availability during composting. Four mixtures [horse manure + green waste (M1), olive-mill + green waste (M2), sewage-sludge + phos-phogypsum + green waste (M3), and green waste (M4)] were carried out. Physicochemical (temperature, pH, phosphorus, nitrogen, and carbon-to-nitrogen (C/N) ratio), infrared-spectroscopic, and phytotoxicity were monitored. The results showed that (in)organic additives have a positive effect on maturity and humification indices, pH stability, and the phosphorus and nitrogen availability in the composts produced. The horse manure additive reduced the carbon and increased the nitrogen, reducing the C/N ratio. Phosphogypsum and olive-mill reduced phytotoxicity, boosting the nitrogen and phosphorus availability of in composts. Fourier transform infrared spectroscopy (FT-IR) analysis revealed that phosphogypsum and olive-mill addition improved the aromatic compounds and reduced the aliphatic ones in M3 and M4 com-posts. These results suggest new approaches to promoting maturity and stability, as well as phosphorus and nitrogen availability in composts, through better use of organic waste and inorganic additives in composting.
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1  Introduction

Currently, the amount of organic waste produced is rising annually. Nevertheless, over 80 million tons of waste and organic by-products pile up yearly at landfills [1]. In Morocco, landfilling is the chosen method for waste disposal. This process leads to the generation of leachates—liquids that seep through the waste mass—which contain elevated concentrations of pollutants, including dissolved organic matter, inorganic macro-components, trace elements, and xenobiotic organic compounds [2]. These contaminants, which include both organic waste and inorganic additives, can adversely affect public health and the environment [3]. Other significant by-products are continuously produced in large quantities by industrial activities, including livestock effluents, sewage sludge, phosphogypsum, horse manure, and olive milk. These by-products deserve to be recovered and explored. Additionally, the accumulation of waste in landfills results in the loss of valuable organic matter that could otherwise be used as an effective soil amendment [4]. Recently, the recycling and valorization of organic waste and inorganic additives have gained increasing attention from scientists, environmentalists, and policymakers. This focus is driven by the need to conserve natural resources, protect the environment, and ensure human health and safety [5–7]. Indeed, the valorization of these by-products through the composting process is an interesting and promising strategy for minimizing the pollution of natural ecosystems (soil, water, and air) and producing high-quality, stable organic soil improvers (composts) rich in essential minerals [8–10]. Consequently, this approach represents a simple, effective, and sustainable solution on all levels: agricultural, environmental, ecological, and socio-economic. Moreover, the optimization and successful progression of the composting process requires a careful balance of carbon and nitrogen as major elements necessary for microbial decomposition [11–13]. In contrast, horse manure, and olive mill waste are rich in organic matter and nutrients, particularly phosphorus (P) and nitrogen (N). The valorization and optimization of the rates of these by-products during the composting process can be considered as a source for the production of a mature and stable compost, rich in nutrients and humic substances that help improve crop yields [14–16]. In addition, the use of inorganic additives such as sewage sludge and phosphogypsum can help to adjust and optimize the pH for the growth of microorganisms involved in lignin and cellulose degradation. However, the organic matter and nutrients contained in those by-products, together with their buffering capacity and microbial activity, can create optimal conditions for the production of mature compost, rich in humic substances and elements essential for crop growth and productivity. In fact, the importance of recycling and recovering organic waste and inorganic additives by-products has become a necessary environmental act for the restoration of soil ecosystems poor in humus and mineral elements. Indeed, it is generally accepted that organic waste and inorganic additives should be recycled to improve soil properties [17–19]. Many authors have pointed out that using organic waste and inorganic additives by-products as fertilizer is a highly effective strategy for restoring and enhancing the organic and mineral composition of soils [20,21]. However, little national or international research has demonstrated that the addition of organic waste and inorganic additives improves the maturity and mineral content of composts after 3 months of composting.

Organic waste composting is a widely recognized method for recycling residual materials and enriching soils. However, the exclusive use of organic waste in composting presents several significant drawbacks. One major issue is the imbalance in the carbon-to-nitrogen (C/N) ratio, which can slow down the decomposition process [22]. This inadequate C/N ratio can compromise the quality of the final compost, making it less nutritious and less stable [23]. To address these limitations, the integration of inorganic additives with organic waste in the composting process has been explored. Sewage sludge, horse manure, and olive mill residues, which are rich in nitrogen and organic matter [14–16], can help balance the C/N ratio promote microbial activity, and speed up the process of mineralization as well as the rapid humification of hard-to-degrade organic compounds during the green waste composting process [24–27]. Additionally, the use of these additives is pivotal in accelerating the development of compost maturity in the short term [28]. Optimizing composting conditions contributes to a more uniform and faster decomposition of organic materials, thereby reducing the time needed to produce mature and stable compost. This not only enhances the quality of the final compost but also enables quicker and more effective use of the compost in agricultural or horticultural applications. The present study was to monitor the biotransformation of various organic wastes through the composting process and to assess the effect of the nature of the by-products on composting progress, as well as the effect of additional sewage sludge and phosphogypsum on compost quality. We hypothesized that (in)organic additives added to green organic waste during composting could adjust the pH, accelerate maturity, and increase the phosphorus and nitrogen content available in the final compost after three months of composting.

2  Materials and Methods

2.1 Co-Composting Experiments

The co-composting experiments were conducted during 3 months on a 2400 m2 composting platform of enclosedby a metal frame, at the municipal nursery located 10 km from Marrakech, Morocco. Four mixtures were prepared using various organic wastes: horse manure, sewage sludge, green waste and olive-mill waste. These wastes were collected from the urban commune. Green waste based on quackgrass was the main composting raw material for all the mixtures. Quackgrass is one of the most invasive and abundant fast-growing species, widely available in all green and agricultural areas of Morocco.

Mixture 1 (M1): 75% of horse manure and 25% of green wastes.

Mixture 2 (M2): 75% of green wastes and 25% of olive mill wastes.

Mixture 3 (M3): 70% of green wastes, 25% of sewage sludge and 5% of phosphogypsum.

Mixture 4 (M4): 100% of green wastes.

The main characteristics of all used substrates in co-composting are presented in Table 1. Each mixture was uniformly blended and positioned on plastic sheeting to minimize runoff and leaching during the moistening process.
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The windrows were covered with additional perforated plastic to minimize evaporation and heat loss. Humidity was then maintained at 60%—the ideal level for composting—throughout the process, as suggested by various experts [29,30]. The aeration was provided by regular manual mixing every week during 3 months of co-composting. Homogeneous 1 kg samples were prepared by thoroughly mixing multiple sub-samples collected from various points (both height and length) within the windrow, using the quartage method [31]. The samples were kept at −20°C before analysis.

2.2 Physicochemical Parameters Analysis

The temperature readings were taken daily at various depths and locations within the windrow using a metal probe thermometer. The moisture content was determined by drying 60 g sample at 105°C for 48 h [32]. The pH of a 10 g sample suspension in 20 mL of distilled water was measured at room temperature. Total organic carbon content was of the samples was determined by calcining them in a muffle furnace at 600°C for 6 h [33]. Total Kjeldahl nitrogen (TKN) was determined by using classical Kjeldahl procedure. Olsen’s method was used for available phosphorus [34].

2.3 Phytotoxicity Test

The phytotoxicity of obtained composts was conducted as recommended by Tiquia [35]. Germination tests were carried out with Lepidium sativum L using extracts prepared in water of different composts (M1, M2, M3 and M4) prepared by soaking 10 g of fresh sample in 50 mL of sterile distilled water. The tests were performed in the dark at room temperature (27°C) for 72 h [36,37]. Thus, 20 Lepidium sativum seeds, disinfected with 10% of sodium hypochlorite for 10 min and subsequently rinsed several times with distilled water, were placed on filter paper in Petri dishes, imbibed with water-soluble extracts. Three replicates were conducted for each stage of the four composts. calculated based on the percentage of viable seeds. This involved monitoring seedling emergence, counting the number of germinated seeds (NGe for seeds germinated in water-soluble extracts and NGw for seeds in distilled water) after 24 h, and measuring root growth (LRe for root length in soluble extracts and LRw for root length in distilled water) after 72 h, using the following equation [37,38]:


GI(%)=(NGe×LRe)÷(NGw×LRw)×100
(1)

2.4 Fourier Transform Infra-Red Spectroscopy Analysis (FTIR)

Infrared spectra for each stage of composting were recorded using an FT-IR Fourier Transform spectrometer, covering wavenumbers from 4000 to 400 cm−1. Pellets were prepared by mixing 1 mg of dry ground sample mixed with 99 mg of dried potassium bromide (KBr) at 105°C for 72 h. The mixture was then compressed under vacuum for 10 min to form pellets. The granules were analyzed with a Vortex 70 DTGS spectrometer, which extends over the frequency range between 4000 and 400 cm−1 [39,40].

3  Results and Discussion

3.1 Physicochemical Characterization

3.1.1 Temperature Evolution

Fig. 1 shows the evolution of temperature at different phases of composting of the various organic wastes, in accordance with the three classic composting phases. Indeed, after 3 days of the mesophilic phase of composting, a rapid rise in temperature was recorded for all the mixtures processed. For the M1 mixture containing green waste and the organic additive olive mill, the temperature reached its highest value (58°C) after 13 days of composting. In addition, the addition of the inorganic additive (phosphogypsum) resulted in an increase to 57.7°C after 14 days of composting. For the M2 and M4 mixtures, a rapid increase of 45°C and 39°C respectively was observed between 5 and 7 days of composting. Thereafter, the temperature gradually decreased in all mixes, reaching values between 25°C and 35°C. Mixture M2 then showed a second maximum temperature increase to over 40°C after 26 days of composting. In addition, mixtures M1, M3 and M4 have a second maximum temperature over the same period. It has been reported that after turning substrates during composting processes increases windrow temperature. In addition, maintaining an appropriate turning frequency in the composting windrow ensures sufficient oxygen supply, which boosts microbial activity and metabolism. This promotes more efficient degradation of organic matter and generates significant heat [41,42]. After 1 month of composting, the mixtures reached values closer to ambient temperature, indicating the maturation phase.
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Figure 1: Temperature during co-composting of mixtures: M1: horse-manure and green-waste; M2: olive-mill and green-waste; M3: sewage-sludge, phosphogypsum and green-waste; M4: green-waste and T. amb: Ambient temperature

In agreement with several authors [43,44], temperature is a key factor for determining the success of composting process. It controls the biodegradation of organic material leading to determine the microbial activity responsible to this biodegradation [45]. While a temperature between 40°C and 45°C (as observed in M2) is optimal for composting progress, it is not sufficient to sanitize the compost by eliminating pathogens and parasites While a temperature between 40°C and 45°C (as observed in M2) is optimal for composting progress but it is not sufficient to sanitize the compost by eliminating pathogens and parasites [46,47]. According to Ravindran and Sekaran [48], composting at temperatures exceeding 55°C, as observed in M1 and M3, facilitates the elimination of parasites and pathogens, thereby ensuring optimal sanitary conditions. As temperature between 45°C and 55°C favors the biodegradation and that between 35°C and 40°C (case of M4) improves the microbial diversity [46,49]. Moreover, it is known that the temperature evolution during composting process can be affected by several operational parameters such as moisture, C/N ratio, pH, composting mass [50,51], pile volume, aeration strategy, compost porosity [52] and the nature of composted substrate [48]. However, the addition of green waste alone in M4, which is rich in lignocellulosic materials, may have influenced bacterial activity during composting. This resulted in a shorter thermophilic phase and a more pronounced cooling phase, with fungal activity becoming more dominant [53]. Thus, on the basis of the results obtained (Table 2), we can attribute the slight rise in temperature in the three mixes M2 and M4 to the probable effect of initial moisture content, mixture composition and initial C/N ratio. Indeed, the moisture content of these mixtures was lower than that of mixtures M1 and M3. In fact, the initial moisture content of the M1 and M3 mixtures exceeded 60%, which is the optimum value for successful composting. On the other hand, several studies have reported that the optimum moisture content lies between 40% and 60%, depending on the type or shape of the waste [29,30,54–56]. In fact, when the moisture content is too high, the pore spaces are closed and microbial activity is stifled due to the hindrance of oxygen movement, and the composting process tends towards anaerobiosis with decreasing temperature [56,57]. It has also been observed that temperature evolution in M1 and M3 mixtures can also be related to the initial C/N ratio. According to the literature [58–60], the initial C/N ratio should be between 20 and 40. A low C/N ratio leads to ammonia production, thus inhibiting the growth and activity of nutrient bacteria during the thermophilic phase [61], which in turn leads to a decrease in temperature. Similarly, a higher C/N ratio reduces the biodegradation process and the rise in temperature (case of M4) [51,58,62]. The effect of the initial C/N ratio can be confirmed by the study carried out by Goyal et al. [63], who recorded a maximum temperature rise of 46°C during the co-composting of five mixtures from various organic wastes, with an initial C/N ratio of between 13 and 51 and a moisture content of 60%. The M1 and M3 mixtures were able to maintain temperatures above 50°C for more than a week, thus promoting equipment disinfection [64]. In addition, both mixtures met the conditions recommended by Böhm [65], according to which temperatures should be above 55°C for more than a week. The higher temperature values recorded in the M1 and M3 mixtures are mainly attributed to the roles of the organic waste and inorganic additives, which are mainly involved in windrow aeration. In M1, the addition of horse manure as an organic additive led to a rapid temperature increase, which accelerated the composting process and improved overall efficiency. This effect is likely due to the high concentration of active microorganisms present in the horse manure [66]. The increase in composting temperature may be attributed to the addition of horse manure, which introduced numerous pores into the mixture. This enhancement in aeration and substrate permeability within the windrow created a more favorable environment for microbial activity [25]. These findings were corroborated by research conducted by Du et al. [67], which demonstrated that horse manure can enhance microbial and enzymatic activity and optimize temperature profiles for windrows. In addition, horse manure represents a balanced source of carbon and nitrogen, which are essential elements that meet the energy needs of microorganisms and therefore have a considerable impact on the growth and reproduction of microorganisms and the quality of composts produced [67–69]. Similarly, sewage sludge and phosphogypsum added to the M3 mixture provide a nutrient source that stimulates the growth and activity of beneficial microorganisms [70,71]. These microbes play a crucial role in the decomposition of the organic matter to be composted, thus facilitating the composting process [72]. In addition, the presence of sewage sludge can introduce a wide range of enzymes into the compost, further accelerating the decomposition of complex organic compounds and consequently increasing windrow temperatures. Lei et al. [73] reported that the addition of 10% phosphogypsum increased bacterial and fungal diversity in compost windrows. In addition, numerous studies have demonstrated that inorganic additives can enhance bacterial and fungal communities by modifying physiochemical properties such as temperature, total Kjeldahl nitrogen and pH. These changes contribute to more effective degradation and humification of organic matter [73–75]. However, M4 mixtures based on green waste alone, with no organic waste and inorganic additives, contain large quantities of lignin and cellulose and are low in the nitrogen required for micro-organism activity, which makes them difficult to break down during composting and generally results in poor-quality, long-lasting compost [74]. In summary, incorporating (in)organic additives into composting systems can enhance microbial and enzymatic activity, leading to more efficient decomposition and better temperature management. This optimization contributes to the production of high-quality compost and ensures a more efficient composting process overall.
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3.1.2 pH Evolution

The pH variations in the four mixtures over the 3 months of composting are shown in Table 2. These pH variations are most pronounced in mixtures M2 and M3, dropping from 8.2 and 8.3 to 7.8 and 7.7 respectively during the first month of composting. On the other hand, in mixture M4, the trend is opposite, with pH rising from 7.7 to 8.1 after 1 month’s composting. The final composts of mixes M2, M3 and M4 reached pH values of 7.3, 7.2 and 7.5, respectively, which are within the pH range 6–8 for mature compost. During composting of the M4 mixture which contained green waste alone, a slight acidification was recorded. Lazcano et al. [76] observed that nitrogen and phosphorus compound mineralization can lead to a reduction in pH. Zhang et al. [77] reported that oxygen deficiencies between turnings can result in the acids production. This can explain the observed evolution of pH values for all mixtures. The addition of olive mill (M2) and sewage sludge (M3) to composting systems creates an optimal environment for aeration by improving air circulation and promoting the growth of acid-generating bacteria [78,79]. These bacteria promote the rapid decomposition of organic matter, resulting in the organic acid production [80]. As a result, the pH of the compost decreases, stimulating microbial activity and enhancing the efficiency of the composting process [81,82]. In addition, the inclusion of organic waste and inorganic additives balances the carbon/nitrogen ratio in compost, contributing to more efficient decomposition and nutrient stabilization [83,84]. The addition of horse manure composting can neutralize excess acidity, creating a more favorable environment for microorganisms [85]. Studies have shown that horse manure application helps to accelerate the organic matter decomposition and improved compost stability. It also aids in controlling the production of undesirable acidic by-products during the composting process. The addition of manure (M1) and sewage sludge (M3) stimulates enzymatic activity and promotes a greater microbial diversity, leading to a more complete decomposition of organic waste [86–89]. This decomposition process enables organic acids to be liberated, thus lowering the compost’s pH. This pH improvement through the addition of organic waste and inorganic additives can increase enzymatic activity, particularly of cellulases and laccases, accelerating the decomposition of complex green waste components such as cellulose and lignin [90]. This enhanced degradation facilitates a faster and more uniform transformation of organic materials into compost. Furthermore, an enriched microbial diversity improves the dynamics of microbial communities, optimizing the decomposition and maturation processes of the compost [91]. The resulting pH reduction from organic acid production creates a more stable compost environment, while inhibiting the growth of pathogens and undesirable organisms [92]. These conditions contribute to producing high-quality compost that is nutrient-rich and well-aerated, making it suitable for agricultural applications. Adding phosphogypsum with a very acidic pH to M3 can help reduce the pH of the compost, which is advantageous in preventing excessively high pH levels. This adjustment fosters a more balanced environment, optimizing conditions for microbial activity and promoting effective decomposition [93]. The addition of phosphogypsum led to a gradual reduction in the pH of the compost. The acidification caused by phosphogypsum promotes faster, more uniform decomposition of organic waste, contributing to better compost maturation [93,94]. The elevated moisture maintained through the process leading to the decrease in the oxygen uptake rate, consequently, continuous production of acids [56]. According to Muktadirul Bari Chowdhury et al. [52], if pH exceeds 7.5, loss of ammonia gas during the composting process increases. This pH increase can be caused by ammonia accumulation resulting from protein degradation [95], which may liberate compounds naturally present in the organic waste [63,96]. Thus, the increase of the pH during co-composting of the mixture M4 after one month’s can be explained by nitrogen accumulation. Yang et al. [94] showed that the complete organic matter degradation with little acid produced, the coupled with NH3 continuous release may be associated with the increase in pH observed during the composting completion phase. This indicates that the final pH value in M4 was in the range of satisfactory pH values (7–8) [97]. Generally, after 3 months of co-composting, the pH of the four mixtures was stabilized around the neutrality. According to Hachicha et al. [95], mature compost should have a pH of between 6 and 8.5, which ensure the compatibility with the majority of plant, and is in favor of better microbial decomposition of organic matter [98,99]. Others works noted that the final pH value indicating a good progress of composting should be in the range of 8 and 9 [100,101]. Nevertheless, Rich et al. [102] observed that the pH of the compost was not a crucial variable for stability. Adding organic waste and inorganic additives to the green waste composting optimizes the process by regulating the pH, which promotes more efficient decomposition of difficult-to-degrade organic matter, creating a more favorable environment for decomposing micro-organisms and better compost quality.

3.1.3 Available Phosphorus and Total Nitrogen Evolution

Table 2 illustrates the evolution of available phosphorus and total nitrogen concentrations in all mixtures which increased during the composting. Indeed, the accumulation of total nitrogen concentrations was most pronounced in the M3 mixture containing organic (green wastes) and inorganic (sewage sludge and phosphogypsum) additives, followed by the M2 mixture containing olive mill after 3 months of composting. However, the M4 mixture composed exclusively by green waste presents the least pronounced nitrogen accumulation at composting end.

It is important here noted that the decrease in nitrogen concentration after 1 month of composting in the M1 and M3 mixtures may be attributed to the relatively high temperature and pH as well as NH3 emissions during composting thermophilic phase, which do not favor nitrification and denitrification [103,104], while the increase in nitrogen concentration at the composting end was related to the nitrogenous organic matter degradation and the concentration effect during the curing phase [105]. It has been suggested that the thermophilic phase above 55°C (M1 and M3) promotes intense microbial activity and accelerates organic matter decomposition [106–109]. This decomposition produces significant quantities of NH3 as a by-product of protein and amino acid degradation which explains the reduction in nitrogen [110,111]. Furthermore, the M2 mixtures exhibited absolutely no significant decrease in nitrogen content over the course of the composting phase, indicating that volatile NH3 was likely immobilized by compost substrates amended with organic olive mill additives [112]. Organic additives from olive mill showed a notable ability to immobilize volatile ammonia. These additives include residues such as olive mill, which contain various organic compounds that can interact with NH3 [113]. The acidic additive (phosphogypsum in the M3 mixture) was expected to reduce NH3 levels and rapidly increase nitrogen content in the composting. Similarly, Jiang et al. [114] noted an increase in nitrogen concentrations in the range of 0.9 to 2.59 mg/g in the compost product when composted with acidic calcium superphosphate additives. The high nitrogen level in the M3 could be attributed to the a acid additives added to promote the NH3 to NH4+ conversion [115]. In addition, the increase in nitrogen could also be achieved by the carbonisation of phosphogypsum in M3 [109]. The addition of phosphogypsum showed a tendency to decrease CH4 and CO2 emissions. This is probably due to better nitrogen management and a reduction in the anaerobic degradation processes that produce CH4 [116]. In addition, available phosphorus concentrations were highest in the M3 mixture containing sewage sludge and phosphogypsum at the composting end. The addition of phosphogypsum enables more precise control of nutrient release in composts, increasing their efficiency and availability [93]. In addition, the addition of phosphogypsum can help improve nutrient retention in compost, reducing the risk of leaching and improving the fertility of the final compost [116]. Indeed, the use of rock phosphate increased the compost’s content of essential nutrients, such as phosphorus, calcium and potassium [117]. In contrast, the concentration of available phosphorus was lower in mixture 4 containing just green waste than in mixtures containing organic waste and inorganic additives at the composting end. It should be noted that at the composting end, the concentrations of available phosphorus in M3 were four times higher than in M4. These results concur with those obtained by Samet et al. [118], who showed that the phosphogypsum addition increased phosphorus in the composts produced. This increase could be explained by the effect of adding phosphogypsum, which increases the number of fungi and bacteria [119–121]. The phosphogypsum addition increased phosphorus level in the composts produced. Phosphogypsum, produced as a phosphoric acid derivative, contains phosphates and calcium sulfate trace. When incorporated into composting systems, phosphogypsum enhances phosphorus availability by reacting with soil and compost components to form more soluble and readily available phosphate compounds. This increase in phosphorus is crucial for plant nutrition, as phosphorus is a vital macronutrient that supports root development, energy transfer, and photosynthesis. Furthermore, the elevated phosphorus levels help improve the overall compost nutrient profile, resulting in a more effective organic fertilizer. The use of phosphogypsum also aids in balancing the nutrient content of composts.

3.1.4 C/N Ratio Evolution

In Table 2, the C/N evolution in all mixtures demonstrated a decrease over the course of the composting process. This reduction was more pronounced in mixtures containing the organic additives horse manure (M1) and olive mill (M2), with 57% and 64% respectively after 3 months of composting. Results obtained by Lakhtar et al. [122] showed that the C/N of mixtures containing olive mill is reduced to 13.5 after two months of composting. It has been shown that organic carbon and total nitrogen mineralization processes performed by micro-organisms probably account for this decrease over time [123]. Carmona et al. [124] reported that the final C/N of manure-containing mixtures (M1 case) is between 19.4 and 15.3. The addition of horse manure generally led to a more reduction in the C/N in the M1 compost. Horse manure is rich in nitrogen, which helps balance the C/N ratio of the composted substrates. By providing a significant source of nitrogen, it helps reduce the relative excess of carbon, thereby facilitating a more balanced C/N ratio that promotes effective decomposition [27]. In the same way, the addition of olive mill led to a more reduction in the C/N ratio in the compost M2. Olive mill, being rich in nitrogenous compounds and decomposable organic matter, helps lower the C/N ratio, thereby creating a more favorable environment for decomposition by microorganisms [125]. However, the M3 mixture containing the inorganic additive (sewage-sludge and phosphogypsum) underwent a reduction of 51% at the composting end. The reduction in C/N during composting was more pronounced in composts amended with sewage sludge and phosphogypsum. This is due to the fact that these inorganic additives contribute to a more stable nutrient environment. Sewage sludge provides a source of organic nitrogen and carbon, which can slow the rate of C/N reduction by enhancing microbial activity and nutrient retention [25,30,126]. Indeed, it has been shown that phosphogypsum compounds can interact with the organic constituents of green waste, facilitating more controlled degradation and preventing too rapid a reduction in the C/N [127]. Phosphogypsum influences nutrient dynamics and the decomposition process by providing calcium and sulfur, which help balance the composting conditions [109]. The C/N remains more stable in the presence of these additives compared to composts without them. Indeed, most studies conclude that compost is mature by taking into account the final value recorded during final composting. Dimambro et al. [128] and Wang et al. [129] have considered a ratio between 8 and 15 to be characteristic of mature compost. Others consider that a ratio of less than 12 is generally regarded as an indication of maturity [107,108]. On the other hand, Rashad et al. [130] considered that a C/N of less than 20 indicates a good level of maturity, and that about 15 or lower is more appropriate. Nevertheless, a C/N of 20 may also be an indication of advanced maturity [48]. In view of these results, only the M4 mixture is not yet mature, which could be linked to its high content of difficult to biodegrade organic matter, which would limit microbial activity, and hence slower biodegradation and lower maturity. As a result, longer composting would be required to reach maturity. When the C/N is maintained within the optimal range, the green waste composting is accelerated. This is due to improved nutrient availability for decomposer microorganisms playing a pivotal role in organic matter decomposition [131].

3.2 Phytotoxicity Testing

Germination index (GI) was largely adopted to estimate compost phytotoxicity. An increased GI indicates lower phytotoxicity and therefore a more mature product [35]. The GI is a factor of relative seed germination and relative root elongation [35,132]. It proved to be the most sensitive of these parameters, reflecting low toxicity during root growth, high toxicity during the germination process and compost maturity [133]. GI values less than or equal to 100% indicate that the compost is not mature or that the sample has some degree of toxicity, while values greater than 100% indicate that the compost is mature or that the sample is not toxic [133,134]. Aggelis et al. [135] proposed that if the GI value is <25, the substrate is characterized highly phytotoxic. Values between 26 and 65 are phytotoxic, while if the GI value is between 66 and 100, it can be considered agriculturally non-phytotoxic, stable and usable. Finally, GI higher than 101 of compost is in favor of its phytonutrient and/or phyto stimulant proprieties and it can be applied in agricultural as fertilizer. Our results showed that the most high GI was recorded for the mixture M2 (114.8%), following by M1, M3 and M4 (101.2%, 93.7% and 74.5%, respectively) (Fig. 2). This increase in germination index could be linked to the strong reduction in phytotoxic substances at the composting end. Liu et al. [67] found that composts made by adding olive mill had a high germination index, due to a strong reduction in phenolic compounds and lignin during the composting [136]. Compost derived from olive mill, which contained a high level of phenolic compounds, had the lowest concentration of phenolic compounds because of their elimination in the composting phase [137]. The high level of the GI translates the great reduction of phytotoxic substances. Some studies showed that the stimulatory effect of water-soluble extracts on radical germination and growth, when GI is above 100%, may be due to the availability of stable organic matter and the accumulation of humic substances and nutrients in the cooling phase [138,139]. Therefore, both mixtures M2 and M1 reached an advanced maturity than mixtures M3 and M4, for which longer composting would be required to reach the same level of maturity as M2 and M1. Siles-Castellano et al. [136] revealed that phenolic compounds reached the highest values in composts derived from plant residues and sewage sludge. Indeed, while the phenolic compounds present may contribute to phytotoxicity of the compost product, this was certainly not the case for composts M3 and M4, which were not phytotoxic (GI 93.7% and 74.5%, respectively). However, compost that is unstable will not necessarily suppress [132], while toxins can only be produced at certain stages of decomposition and tend to be rapidly inactivated [37,132]. Based on these results, we observed that the addition of organic waste and inorganic additives led to the production of composts with enhanced maturity and reduced toxicity levels. These additives improved the efficiency of the decomposition of harmful compounds and optimized the germination index, resulting in composts that are less likely to exhibit harmful phytotoxicity.
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Figure 2: Phytotoxicity variation during co-composting of mixtures: M1: horse manure and green waste; M2: olive-mill and green waste; M3: sewage sludge, phosphogypsum and green waste; and M4 green waste

3.3 Infrared Spectra Analysis

The IRFT spectra of the four composts (Fig. 3) showed very similar peak profiles except for M3 compost, but the relative intensity of the absorption bands varied significantly with the dominance of the peaks or bands at 3500–3400, 2930–2920, 1650–1600 and 1100–1020 cm−1, showing that the four compounds are rich in phenolic, aromatic, aliphatic and polysaccharide structures. At high frequencies, the band at 3500–3400 cm−1 reflects the vibrations of alcoholic hydrogen OH, carboxyl (COOH) or phenol groups, as well as the N-H vibrations of amide functions [53,140]. In olive-mill sludge rich in organic matter, this band was attributed to phenols and carboxylic acid hydroxyl [141]. The band at 2930–2920 cm−1 corresponds to stretching vibrations of C-H fatty acids, waxes and a variety of aliphatic components [142]. The band between 1650–1600 cm−1, is a characteristic of aromatic C=C vibrations, in addition to quinines, carbons, N-H of primary amines and amides and conjugated ketones [37]. The band at 1650–1600 cm−1, is a characteristic of aromatic C=C vibrations, in addition to quinines, carbons, N-H of primary amines and amides and conjugated carboxyls and ketones [143]. The peak around 1460–1430 cm−1 due to aliphatic C-H structures, CH3 and CH2 aromatic and fatty acids [98]. The significant presence of broad band centred at 1100–1020 cm−1 can be attributed to silicates Si-O-Si, aromatics ethers as well as polysaccharides (CH stretching) and to Si-O-C [144]. The intensity of certain peaks in the different spectra of the IRFT stabilizes or decreases. The maximum intensity of the different structures is associated with a combination of a concentration effect, following the disappearance of the most readily decomposable components, and an increase in the oxidized lignin derivatives involved in the humification process. During the composting process, the mixtures M1, M2 and M4 generally have the same number of strips with changes in the absorbance intensity of these peaks. On the other hand, the intensity of the two peaks 1420 and 1044 cm−1 increased remarkably in all spectra. This tendency to change correlated with the greater levels found in the compost samples at the composting end with the exception of M3 compost. M3 compost presented an increased absorbance peak at 1100–1040 cm−1 in the IRFT spectra at zero time. This compost did not show any significant change in the intensity of the peaks observed except for the intensity of the peak around 1040 cm−1, which was marked by a very significant decrease between the initial and final phase of the composting process. Studies reported by Elouear et al. [145] showed that the 1044 cm−1 peak observed on the compost spectrum could be mainly related to phosphate rock residues. In addition, M3 showed a decrease in the intensity of the OH group stretching vibration bands, which are located around 3500 cm−1 that certainly represents the sludge’s fatty acids and lipid compounds [146]. FTIR analyses have revealed that the addition of sewage sludge to lignocellulosic residues from green waste significantly alters the chemical structure of the composts. Specifically, the characteristic bands associated with lipid functional groups show notable changes during composting. Lignin, a major component of lignocellulosic residues from green waste, interacts with lipid compounds in the sewage sludge, affecting the degradation and transformation of fatty acids [147]. Cui et al. [148] confirmed that the composting of sewage sludge with lignocellulosic materials led to a more pronounced aromatization of the compost. This transformation is attributed to the interaction between lignocellulosic residues and sewage sludge, facilitating the decomposition of more complicated molecules down to simpler aromatic structures. Additionally, recent studies have shown that the incorporation of sewage sludge in composting not only accelerates the stabilization of organic matter but also improves humification degree [44,149–151]. Similarly, the addition of sewage sludge to lignocellulosic residues from green waste promotes the formation of more stable organic structures and reduces the levels of difficult-to-degrade organic compounds that may be harmful or undesirable in the final compost [149]. M1 compost showed a slight decrease in peak intensity in the vicinity of 2930–2920 cm−1 resulting from the accelerated decomposition of aliphatic, lipid as well as carbohydrate structures like polysaccharides, cellulose and hemicelluloses by microorganisms participating in the composting process [152,153]. During composting of horse manure, amino acids and polysaccharides break down easily to form humic acids [154]. On the other hand, M2, M3 and M4 composts showed a decrease in peak intensity in the vicinity of 2930–2920 cm−1 after two months of composting and then the intensity of the three composts increases, indicating the presence of material that is still extremely strong against microbiological degradation, most likely associated with molecules of plant origin such as cutins, suberins or lignins [155]. The intensity of polysaccharide or carbohydrate bands (1100–1020, 1420 and 1650-1600 cm−1 for M3) decreased with composting time. At the same time, there has been a significant increase in the intensity of the bands, which absorb around 1020–1100, 1420 and 1600–1650 cm−1 in the case of composts M1, M2 and M4. These peaks showed the enrichment of aromatic C=C in relation to aliphatic carbon [140]. This enrichment in aromatic structures has been confirmed in previous studies on the characterization of humic and fulvic acids, which were considered as indicator of an increasing degree of humification of organic matter under natural biodegradation conditions [140]. In the composting, the increased stability and maturity of composts and their transformation into a highly humified substrate might be associated with the same increase [143,156]. As IRFT findings for M2 and M4 final composts show no significant variation, the similarity of these two composts can be used as an excellent compost maturity indicator. In fact, Ouatmane et al. [152] described compost as a mixture of minerals and humic matter with characteristics independent of the nature of the original material. In addition, in the case of M2 and M4 composts, the increase in peaks 1460, 1430–1400, 1100–1040 cm−1 may be associated with the release of polyosidic and aliphatic structures following the transformation of the lignocellulosic complex under the effect of the degradation of substrates that are difficult for microorganisms to biodegrade [153]. This explains why M2 compost is more mature than the other composts. Indeed, Fersi et al. [157] demonstrated that aliphatic functional groups, including hydroxyls, alcohols, and carboxyls, were predominant in composts made from green waste and olive mill. This predominance indicates a significant presence of these groups in the chemical composition of the composts, reflecting the chemical transformation processes occurring during the composting of these organic materials. The ratio (Table 3), 1650/2930 (C=C aromatic, COO-/C-H aliphatic), evolved in the same way for the three composts (M1: 1.53 to 2.18, M2: 0.98 to 1.92 and M4: 1.91 to 2.44). The increase in these ratios may be caused by a reduction in aliphatic carbon by degradation of aliphatic structures readily accessible to microorganisms, while its decrease (case of compost M3: 7.73 to 4.53) may be due to the release of aliphatic structures not readily accessible to microorganisms after the attack of the ligno-cellulosic complex. For the ratio 1416/1040 (COO-, C-O/C-O polysaccharides), there is an increase for M2, M3 and M4 composts and a decrease in M1 compost towards the end of composting. The resulting increase in this ratio may be related to a decrease in aliphatic carbons, whereas the decrease may be linked to an increase in aromatic and aliphatic carbons at the same time. Spectroscopic analysis of dissolved organic matter in green waste composting offers critical insights into the processes of degradation and stabilization. This analysis highlights the significant role of both organic and inorganic additives in accelerating the degradation and humification processes, which are essential for enhancing compost maturation.
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Figure 3: IRTF spectra of mixtures: M1: horse manure and green waste; M2: olive-mill and green waste; M3: sewage sludge, phosphogypsum and green waste and M4: green waste at different composting stages (1, 2, and 3 months)
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4  Conclusions

The study investigated the effects of adding organic waste and inorganic additives to green waste during the composting process, focusing on physicochemical properties, phytotoxicity, aromatic compounds, and nutrient availability. The findings indicate that combining organic additives like manure and olive mill waste with inorganic additives such as phosphogypsum and sewage sludge can significantly optimize composting conditions without negatively impacting or maturity of the compost. Specifically, these additives enhance the decomposition and mineralization of organic matter, thereby reducing phytotoxicity and aliphatic compounds and improving the availability of the mineral elements essential for nitrogen and phosphorus in the composts produced during composting.

The implications of these results are substantial for both composting practices and sustainable agriculture. By improving the decomposition and stabilization of organic matter, these additives contribute to the production of higher-quality compost that is more mature and less toxic. The enhanced availability of essential nutrients, particularly nitrogen and phosphorus, can improve soil fertility and plant growth, making the compost a more effective and sustainable fertilizer. Additionally, the reduction of phytotoxicity and aromatic compounds helps in producing compost that is safer for use in various agricultural applications. This approach not only optimizes composting efficiency but also supports environmental sustainability by recycling organic waste more effectively.
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OEBPS/Images/table-1.png
Table 1: Physicochemical characteristics of the substrates used for co-composting

(In)Organic by-products pH TOC (g kg ") TKN (g kg ") C/N ratio
Green wastes 6.6 453 10.2 44 .4
Horse manure wastes 8.6 445 16.7 26.6
Olive-mill wastes 6.2 462 12.0 38.5
Sewage-sludge by-products 7.6 22 2.0 10.9
Phosphogypsum 1.9 16 8.0 2.0

Note: TOC: Total organic carbon; TKN: Total Kjeldhal nitrogen and C/N: Carbone/Nitrogen ratio.
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Table 3: Value of the “aromaticity ratio”, (1650/2930 cm "), for the four composts (M1: horse manure and
green waste; M2: olive-mill and green waste; M3: sewage sludge, phosphogypsum and green waste and M4:
green waste) at 0- and 3-month composting

Time Mixture 1 Mixture 2 Mixture 3 Mixture 4
Initial 1.5 1.0 7.7 1.9
3 months 2.2 1.9 4.5 2.4
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Table 2: Physicochemical parameters during the co-composting process, for mixtures M1, M2, M3 and M4

Physicochemical parameters

Mixture Time (months) pH Moisture (%) TOC (gkg ') TKN (gkg ') C/N P(mgg")
M1 0 8603 658=+1.2 452 £5.3 13+£0.3 39.2 0.5+0.1
1 83+04 633+1.0 409 £ 74 12+£0.2 345 0.6+0.0
2 78+02 61.2+1.0 347 £ 6.8 15£13 23.1 0.6£0.1
3 7.6 0.1 62.0+438 306 + 2.7 18+ 14 17.0 0.8 £0.1
M2 0 82+0.1 533+47 444 £3.4 11+0.2 404 04+0.0
1 78+04 550+24 415+£2.6 13£1.2 31.9 0.4+£0.0
2 73+03 51.2+0.7 352 +£3.2 17 £04 20.7 0.5+0.1
3 73+03 533+44 308 £2.1 21+£1.3 146 0.7+0.2
M3 0 83+0.1 643+10.8 386+10.3 14+0.2 27.6 1.0£0.1
1 7.7+0.0 70.0+0.9 332+ 14 13+£1.1 256 1.8+0.2
2 74+0.1 657+2.6 320 £ 1.1 16 £0.5 20.0 2.2+0.1
3 72+00 69.0+1.7 292 £5.8 22+0.4 133 23+£0.1
M4 0 7.7+£09 553+£2.0 48.2 £ 0.1 1.0+ 0.0 46.9 0.1+0.0
1 81+£0.0 55.0=+2.4 44.6 + 0.6 14+03 31.0 0.3£0.0
2 79+0.1 60.0+5.7 36.3+0.4 1.5+0.1 248 04+0.0
3 7.5+0.0 56.0+1.8 353+0.3 1.6 £0.0 22.1 0.6+0.1

Note: TOC: Total Organic Carbon; TKN: Total Kjeldhal Nitrogen; C/N: Carbone/Nitrogen and P: Phosphorus.
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