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Sewage sludge (SS) is a biosolid that includes nutrients, organic matter, and a mixture of micropollutants and pathogens. Regarding its final disposal, several criteria should be met to avoid the dissemination of the included micropollutants in the environment. Hence, an adequate treatment prior to SS disposal is highly required. Solar drying is being acknowledged as a sustainable process of SS treatment, yet it is still unclear to what extent this technique is efficient. This review aimed to assess the impact of solar drying on the composition of SS from environmental and agronomic standpoints. Herein, we present the state-of-the-art with regard to solar drying efficiency in terms of water content reduction, DM increase, agronomic parameters evolvement, and micropollutant stabilization including pathogens, heavy metals (HMs), and organic micropollutants. The reviewed literature is mostly focused on two drying cycles: summer and winter, thus addressing the extreme conditions met within a year with respect to temperature. Under different climatic conditions, more than 80% of dry matter is reached during summer. In winter, the efficiency decreases to an average of 50% of DM. Negatively correlated to DM content, pathogen concentration in SS significantly decreased, while DM increased. Thus, more efficiency in terms of pathogen abatement is reported in summer than in winter (e.g., 96% against 60% during summer and winter, respectively, under semi-arid climate). The high reliance of solar drying efficiency on weather has been deduced in terms of DM content increase and pathogen removal. Where climatic conditions are not favorable for solar drying, hybrid design and liming are the highly recommended methods to remove pathogens from SS. A few studies on the fate of HMs in SS during solar drying concluded that solar drying does not involve any removal mechanisms. Changes in HM speciation in solar-dried sludge were reported highlighting a decrease in their mobility. As for organic micropollutants (PAHs and antibiotics), only their occurrence in SS is reported in the literature, and their behavior during the solar drying process is still not addressed. This review allowed concluding the following: 1) solar drying is a sustainable, relevant process for SS handing in terms of volume reduction and pathogen removal, particularly in semi-arid regions; 2) solar drying does not lower the SS agronomic value and does not remove HMs, but under semi-arid climate, it changes HM speciation and reduces their mobility. The gap in research regarding organic micropollutant and heavy metal behavior during SS solar drying has been emphasized as a way forward for research within this topic. Hence, more research is required to help stakeholders decide on the feasibility of an agricultural disposal of solar-dried sludge.
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HIGHLIGHTS

1) Sewage sludge presents not only an important agronomic value but also a high content of pathogens, heavy metals, and organic micropollutants;
2) solar drying of sludge is involved in SS management for water removal, pathogen abatement, and organic and inorganic micropollutant stabilization;
3) impact of solar drying on water and pathogen removal is the most addressed aspect in the literature;
4) the total content of metals in sludge and the changes in their speciation are explored in this review;
5) the fate of organic micropollutants in SS during solar drying is still not addressed in the literature.
INTRODUCTION
Human activities lead to increase in water consumption worldwide. Hence, an increase in the wastewater streams evacuated toward the treatment units is mainly observed. Wastewater treatment plants (WWTPs) produce treated wastewater as a valuable resource that can be reused in agriculture and also as industrial processing water. Nevertheless, it also generates different by-products that could affect the environment in case of an inadequate management. Sewage sludge (SS) is one of the most important by-products generated by wastewater treatment processes. Also known as a biosolid, it can be defined as the solid or semi-solid leftover after the treatment of wastewater (Metcalf and Eddy, 1991). It is a complicated and heterogeneous substrate containing organic and inorganic materials as well as microorganisms. China, the European Union, and the United States are the largest producers of SS, with 9.18 million tons of sludge (dry solid) in 2009, 11.7 million tons in 2010, and more than 8 million tons of dry solids in 2010 (Bennamoun et al., 2013). In Morocco, SS production of 300,000 tons is expected by 2025 (Phénixa, 2010). SS treatment represents almost 50% of the whole cost dedicated for WWTP construction and operation (LeBlanc et al., 2008). Despite the adopted treatments at the WWTP level, final disposal of SS remains a problem to be addressed and an opportunity of valorization to be seized.
In a global extent, the methods for final disposal are landfilling, incineration, and agricultural recycling. Nowadays, many restrictions are present regarding SS landfilling, and thus, the amount of landfilled sludge is decreasing. Indeed, from 2010 to 2020, the percentage of landfilled sludge decreased from 11 to 4% in the European Union (Raheem et al., 2018) and it is expected to continue to encourage phasing out the landfilling of all organic residuals including SS. As for incineration, despite it reduces 90% of SS volume with the removal of pathogenic organisms (Wu et al., 2016), it becomes an implausible alternative since it ends with several issues such as greenhouse gas emissions and other hazardous materials (dioxins, furans, and HMs) (Fytili and Zabaniotou, 2008). However, in the United States, 15% of the produced SS is still incinerated, despite the high costs involved, especially within the huge restrictive standards set in the climate change framework (Peccia and Westerho, 2015). On the other hand, the agricultural use of SS is gaining interest worldwide. Indeed, awareness is increasing about SS not only as an organic amendment and nutrient source for plants but also for improving soil health. In the European context, the application of SS for arable land increased from 43% in 2010 to 45% in 2020 (Samolada and Zabaniotou, 2014). In the United States, beneficial application of SS on agricultural land including cropland, rangeland, and pastures is the major ultimate use. According to Kalogo (2008) and Peccia and Westerho (2015), 55% of the produced SS is applied to arable land with N and P contents of 3.4% and 2.3%, respectively (Raheem et al., 2018).
In Morocco, despite the existing treatment of SS at the WWTP scale, recycling of SS into agricultural soils remains limited, and only a few large-scale experiments have been tested. Some pilot trials involving composted SS with green waste demonstrated a significant added value of SS in terms of crop yield enhancement, while the quality of the obtained compost was in accordance with the European standard (Soudi, 2001). However, SS landfilling is still common practice in Morocco, thus presenting olfactory nuisances, overproduction of lixiviate, and many other environmental issues. Despite being the most environmentally friendly alternative for the final disposal of SS, recycling in agricultural soils is still a controversial issue since it contains, besides organic matter and plant nutrients, pathogens, organic, and inorganic micropollutants that could affect the soil–plant system and then the food chain.
Within all the previous alternatives of SS final disposal, drying is commonly used. This step is generally aimed at reducing the volume of sludge (due to its high water content) and sanitizing. The different ways of drying are natural drying, mechanical drying, thermal drying, and other hybrid drying installations. Solar drying, a process that operates under greenhouse plants, is widely used to accelerate the water evaporation rate exploiting the artificial greenhouse effect and avoiding the equilibrium of vapor pressure between SS and air by controlled indoor air ventilation (Mathioudakis et al., 2013). This process is more involved in SS management fields when compared to other more expensive alternatives such as thermal drying that exhibits strong energy needs mostly provided by fossil fuels (Collard et al., 2017). In addition to the high costs involved in thermal drying, it weakens SS organic matter which is observed by an increase in lipids with a decrease in humus (Collard et al., 2017). Contrariwise, with a low energy demand, solar drying ends with a strong increase in humic-like substances parallel to a decrease in lipids, which corresponds to a significant complexification of the OM. Thus, solar drying tends to stabilize SS and produces suitable amendment which is favorable to organic carbon sequestration in soils, while thermal drying leads to produce a sludge-based fertilizer (mineral) rather than an organic amendment (Soriano-Disla et al., 2010; Collard et al., 2017). Solar dryers are implemented worldwide for large- and medium-sized WWTPs (Brison et al., 2012; Bennamoun et al., 2017). In fact, more than 70 solar drying installations were built in the United States, the European Union, and Australia in 2006 (Shanahan et al., 2010). In Morocco, where solar radiation is characterized by an average of 3,000 h/year of sunshine, the solar drying process is increasingly adopted in WWTPs. For instance, 28 solar dryers were built on an extended surface (40.320 m2) in order to treat 75.000 tons/year of SS produced by the WWTP in Marrakech city. Such a solar drying platform is considered as the largest one in the world (Thermo-system, 2018). Research activity in the solar drying process of SS has been triggered in 2000. However, there is a slow positive evolution of scientific publications in this field (Figure 1A), and the main contributing countries are the United States and China (Figure 1B). The number of publications increased from six in 2006 to only 25 publications in 2020 with a focus on drying kinetics.
[image: Figure 1]FIGURE 1 | (A) Evolution pattern of scientific publication on solar drying of SS from 2000 to 2021. (B) Main countries contributing in scientific production related to solar drying of SS. The keywords used in Web of Science are solar drying, sludge, pathogens, and micropollutants.
Based on temperature as a key parameter, the solar drying process has been reported for a significant efficiency in terms of water removal and thus SS volume reduction (Lima et al., 2012; Bennamoun et al., 2013; Collard et al., 2017; An-nori et al., 2020b). For instance, An-nori et al. (2020a) reported daily maxima ranging between 45 and 68°C during a summer drying cycle with semi-arid climate inside the greenhouse plant dedicated to SS drying. SS subjected to such operating conditions may reach an average dry matter content of 90%. This water removal technique may be very detrimental for pathogens and act as a removal factor, as reported by Manga et al. (2016). In addition to this indirect impact on pathogens, the high temperatures inside the solar plants have been demonstrated to be deleterious for fecal contamination indicators (Shanahan et al., 2010; Paluszak et al., 2012; An-nori et al., 2020b). Moreover, these high temperatures have been reported to directly act on parasites in SS by increasing their sensitivity to many stressors (eg., high pH), which comes out with inactive helminth eggs (Barrett, 1976; Pecson et al., 2007; Hafidi et al., 2018). Over all the SS physicochemical characteristics, only a decrease in moisture content and a slight decrease in pH and electrical conductivity are highlighted in the literature, while the organic matter content and nutrients are not significantly affected. This leads to assume that the agronomic value of solar-dried sludge remains significant, despite a long resting period inside the greenhouse plants. However, the changes in physicochemical properties of SS lead to raise a research hypothesis which says that an additional impact of solar drying on organic micropollutants and heavy metals is plausible.
This review is engaged to examine this research hypothesis throughout the recent literature (last 20 years). Thus, it aimed to assess the physicochemical and microbiological quality of SS and the organic and inorganic micropollutant occurrence. Then an emphasis is placed on reviewing the impact of the solar drying process on water content, agronomic parameters, and the fate of micropollutants, mainly heavy metals, HAPs, and antibiotics, within different operating conditions. Thus, this review will be an important contribution to establish a state-of-the-art regarding solar drying process and its usefulness in SS management fields mainly before its recycling in agriculture. Henceforth, the findings of this review will guide readers to assess the efficiency of such a process as a sanitizing and stabilizing treatment of SS and to point out the gaps in the literature to be filled through further research studies in the field.
OVERVIEW OF SEWAGE SLUDGE COMPOSITION: THE AGRONOMIC VALUE, THE OCCURRENCE OF HEAVY METALS, PATHOGENS, AND ORGANIC MICROPOLLUTANTS
Sewage sludge is characterized by a high content of organic and inorganic substances, including microbial biomass, pathogens, nutrients N and P, and metals. Depending mainly on the raw wastewater quality and SS processing, SS is known for its very heterogeneous physicochemical composition and high water content. In this review, the composition of SS is reviewed focusing on parameters that are likely to be affected by the solar drying process.
Water Content of Sewage Sludge: Moisture Profile and Limitation of Dewatering Techniques
SS is known for its high water content that can exceed more than 90% (Gao et al., 2020). Before using SS, for either soil disposal or energy recovery, this moisture content has to be reduced to minimum levels using several available drying techniques. In fact, the separation of water from sludge is still a major problem in wastewater treatment plants, and it depends on water distribution in SS. Thus, this latter constitutes a decision tool for SS dewatering and drying techniques. The method of the drying test originally proposed by Vesilind (1994) allowed assessing sludge drying behavior, which led to identify water distribution in SS. By this method, a typical drying curve (Figure 2) can be divided into a constant rate period, first falling rate period, second falling rate period, and the equilibrium stage. The moisture removed during the constant rate period, the first falling rate period, and the second falling rate period are regarded as free water, interstitial water, and surface water, respectively, while the residual moisture content in the equilibrium stage refers to water of hydration. Figure 2 indicates the three transition zones of physical characteristics taking place when removing each water fraction (Lowe, 1995). The first zone is the wet zone wherein sludge still contains free water; sludge in this zone flows freely and spreads easily. In the second zone (sticky zone), interstitial water is removed, and the sludge is pasty and hardly flows, while in the third zone where bound water (vicinal and water of hydration) is removed, SS is crumbly and mixes easily. For more illustration of the aforementioned information, the distribution of water around and within sludge particles is concretely modeled in Figure 3. Free water is not associated with and not influenced by the suspended solid particles. Vicinal water represents the water molecules immediately adjacent to the solid surface of SS. Its properties differ from bulk water due to structural differences induced by the proximity to the surface of SS particles (Drost-Hansen, 1981). Thus, SS with a large specific surface exhibits a high content of vicinal water, as it is the case of activated SS (Heukelekian et al., 1956). Water of hydration is defined as chemically bound water to the particles and removable only by the expenditure of thermal energy. Table 1 illustrates the content of water in SS at different treatment stages in WWTP. Raw sludge constitutes all the previously mentioned water fractions (95–99%). Settling removes free water from SS, which comes out as thickened sludge with 90–95% water. Using mechanical dewatering techniques is necessary to remove interstitial water (Taylor et al., 2017), and this results in a mechanically dewatered sludge with 68–80% water. The abundance of vicinal water in activated SS explains the fact that dewatering techniques such as belt filters and centrifugation involved at the WWTP level lead to SS with considerable moisture content, whereas treatments involving high temperatures such as solar and thermal drying can bring moisture below 6% (Mathioudakis et al., 2009). Hence, using drying techniques is necessary to enhance water removal and help better manage the transport and final disposal of SS. In this review, water removal is assessed as a response of the solar drying technique, and the associated chemical and microbiological parameters are reviewed.
[image: Figure 2]FIGURE 2 | Drying behavior of sewage sludge obtained from drying experiments (adapted from Lowe (1995).
[image: Figure 3]FIGURE 3 | Water distribution in SS according to Vesilind (1994).
TABLE 1 | ontent of water in sewage sludge at different treatment stages according to different authors.
[image: Table 1]Organic Matter and Nutrients in Sewage Sludge
The physicochemical composition of SS depends on many factors, including wastewater origin, weather conditions, adopted process for water treatment at the WWTP level, and applicable conditioning process on residual sludge (Werther and Ogada 1999; Jarde et al., 2003). The concentration of organic matter varies from 30% to 88% (Metcalf and Eddy, 1991). Organic matter consists of particulate matter removed by gravity in primary sludge, lipids (6–19% of organic matter), polysaccharides, proteins, amino acids (up to 33% of organic matter), lignin, metabolism products, and microbial bodies from biological treatments (Inoue et al., 1996; Jarde et al., 2003). Plant nutrients are often present in sludge including nitrogen, potassium, and phosphorus. The concentration of such fertilizing elements varies highly, as reported in Table 2. According to the sludge type, OM can vary from 30% to 88% (Metcalf and Eddy, 1991). For instance, primary sludge, resulting from simple settling at the beginning of SS processing, contains mostly mineral particles rather than organic materials, thus explaining an average of 30% of OM. Nevertheless, secondary SS resulting after the biological treatment of wastewater is mostly composed of extracellular polymeric substance (EPS) (Mininni et al., 2004); consequently, more than 80% of OM is often measured in secondary SS (Metcalf and Eddy, 1995; Mininni et al., 2004). Nitrogen is also reported in the literature to be highly variable (from 0.8% to 11%), and this is attributed to the presence or absence of the nitrifying and denitrifying process at the biological treatment stage in the WWTP. Both the existing inorganic nitrogen and the one resulting from mineralization of the organic part can contribute to satisfy plant’s nitrogen requirement (Zebarth et al., 2009). The content of SS in terms of OM and other nutrients shown in Table 2 allows assuming the suitability of SS as an organic amendment. It is worth mentioning that secondary sludge, if treated separately from primary sludge, is more relevant for agricultural recycling since it has high content of OM, nitrogen, and phosphorus and less hazardous substances compared to primary SS (Khan and Ongerth, 2001; Mininni et al., 2004).
TABLE 2 | Physicochemical properties of SS (Pedersen, 1981; Metcalf and Eddy, 1995; Rulkens, 2008).
[image: Table 2]In addition to feeding the plants, Soriano-Disla et al. (2010) reported that SS recycling into agricultural soils contributes to carbon sequestration and enhances soil’s resilience. An-nori et al. (2020b) reported that applying one ton of SDS allows recycling at least 350 kg of carbon into soil. The included organic matter in sludge would enhance the clay–humus complex formulation and improve the soil structure, which would increase water retention and decrease vulnerability to erosion. This seems very relevant for the exhausted soils within the African context. For instance, in Morocco, the soil structure is being continuously degraded because of erosion and mining (Mrabet et al., 2000). The mean value of OM content is below 2%, and the total annual loss of the agricultural soil is estimated to be 100 million tons (FAO, 2015). Henceforth, using SS as an alternative in agriculture could be an appealing solution to boost soil’s health. Despite these agronomic virtues, SS may include a mixture of micropollutants such as pathogens, HMs, and some other organic pollutants. Therefore, the direct application of sludge in the soil must be controlled to avoid the potential dissemination of those hazardous materials in the environment.
Occurrence and Toxicity of Heavy Metals in Sewage Sludge
HMs are defined as metallic elements that have a relatively high density compared to water (Kim and Fergusson, 1993). They are transition metals which have atomic masses more than 0.002 kg, weight about 5 N/m3, and density more than 5 g/cm3 (Singh et al., 2009). HMs are naturally occurring elements that include essential (e.g., Cu, Fe, Ni, Cr, Se, As, Co, and Zn) and non-essential metals (Cd, Hg, and Pb). Essential HMs are part of essential micronutrients for plants and play vital roles in several cellular reactions, including electron transfer, enzyme activation, redox reactions, and pigments synthesis (Babula et al., 2009; Fageria et al., 2009; Chaffai and Koyama, 2011). However, non-essential metals do not intervene in any biological reaction and cause toxic impacts even at low concentrations (Torres et al., 2008). When sewage sludge is applied to agricultural soils, HMs may pose a serious problem. For instance, cadmium (Cd) released from SS after long-term disposal can accumulate in plant tissues such as roots and leaves and probably transmit to humans via the food chain, resulting in a potential decline of the human immune system. Elemental mercury (Hg) has been found to vaporize from amended soil with SS under the effect of solar radiation. If consumed, Hg is known to be harmful to the human central nervous system. Many activities exacerbate the presence of HMs at the WWTP level, especially in the sludge. For instance, in addition to its geochemical source, tanning industry is a major contributor in terms of the chromium content in SS generated in the WWTP of Marrakech (Table 3). Indeed, all the used chromium salts in the tanning industry (e.g., chromium sulfate) are discharged into WWTP and they end up in sludge (EL Fels et al., 2015; Shahid et al., 2017; An-nori et al., 2020a). The presence of HMs in SS, rather than treated wastewater, is due to their adsorption potential and their affinity toward solid fraction. It is worth mentioning that primary sludge is more polluted than secondary sludge regarding heavy metals. In fact, due to their low water solubility and lipophilic properties, these compounds are associated with the particulate sewage fraction and are therefore principally removed in the primary settling tank (Angelidaki and Ahring, 1999). Depending on the wastewater origin, HMs could be present in SS in different concentrations. The occurrence of HMs in SS in the Moroccan context is rarely addressed. Some studies were engaged to assess the total content of metals in raw, composted, and solar-dried sludge (Table 3).
TABLE 3 | Concentration (mg/Kg) of heavy metals in different types of sludge. S1 and S2: raw biological sludge. S3: composted sludge and S4: solar-dried sludge.
[image: Table 3]When intended for recycling in the agricultural soils, the dissemination of the included HMs in the environment becomes a major concern. In fact, it has been widely demonstrated that speciation, rather than the total content of HMs, is a reliable indicator to assess their availability for living organisms (Lund and Chang, 1982; Jamali et al., 2009; He et al., 2013). Correspondingly, speciation assessment of HMs can be performed by fractioning that consists of determining the amount of metal ions bound by the individual fractions using sequential extraction (Hanay et al., 2008; He et al., 2013). As a result of HM’s speciation analysis, Lasheen and Ammar (2009) showed that Mn, Ni, and Zn were present in exchangeable carbonate and Fe/Mn oxides (the most mobile fractions), while Cd, Cu, Cr, and Fe showed more affinity toward organic and sulfide (exhibiting some degree of mobility) and the residual form (stable and inert phases). Furthermore, HM’s toxicity relies also on the aqueous speciation, which refers to the soluble and insoluble forms. For instance, chromium occurs in different valence states. The trivalent chromite [Cr (III)] and hexavalent chromate [Cr (VI)] are more stable and predominant states in the natural environment (Elzinga and Cirmo, 2010). In addition, Cr (VI) is known to be highly mobile in soil and more toxic than Cr (III) to living organisms including plants (Shahid et al., 2017).
Several investigations demonstrated that HM-stressed plant shows some abnormalities in terms of development and growth. Alterations in cellular regulating mechanisms and gene regulation are widely highlighted in the literature (Hussain et al., 2004; Chaffai and Koyama, 2011; Choppala et al., 2014). HMs, especially the non-essential ones, slow down the physiological reactions through the alteration of biomolecules and regulatory proteins or sometimes through substitution of crucial elements (Sarwar et al., 2010). Moreover, HMs may affect the antioxidant defense system of plants by generating reactive oxygen species (ROS) (Sarwar et al., 2010; Chaffai and Koyama, 2011; Choppala et al., 2014). Also, It has been reported that HMs generate free radicals in cells which induce plant toxicity (Singh et al., 2009). Metals may also induce water stress by affecting stomatal and transpiration activities and the water content in leaves while decreasing the size and the quantity of xylem tissue, chloroplast, and cell (Singh et al., 2009). Table 4 summarizes the toxicity of some studied HMs toward some crops. Being more vigilant in terms of limiting the dissemination of HMs in the agricultural soils, the European commission has set three types of metal limits: 1) the maximum HM content in sludge for agriculture use; 2) the maximum HM content in treated sludge for soil application; and 3) the 10-year average rate of metals accumulated during successive application of sludge (Table 5).
TABLE 4 | Revealed toxicity of different HMs.
[image: Table 4]TABLE 5 | Maximum values of metal content in SS used in agriculture, their rate of application, and concentration in sludge-treated soils in the Commission of the European Communities directive (Commission of the European Communities et al., 2009).
[image: Table 5]To limit the dissemination of toxic metals in soil from SS, many countries have established standards for sludge recycling in agriculture (Figure 4). The standards were set based on the concentration of metals in sludge, the total content of metal that can be added and often how frequently this can be applied, and finally the concentration of metals in soil which can be exacerbated after sludge application.
[image: Figure 4]FIGURE 4 | Maximum metal concentrations in SS for an agricultural use (mglKg) [Data are derived from Agence Nationale pour la Rkcupkration et 1’∼limination des Dkchets, 1988; UK Statutory Instruments (1989); Berg et al. (1993); U.S. Environmental Protection Agency (1993)]; (Page, 1994).
Prevalence of Pathogens in Sewage Sludge
Sewage sludge contains both saprophytes and pathogens microorganisms. Some of them are essential to ensure the secondary treatment in the activated sludge process and other biological treatment methods of wastewater. The main groups of pathogenic organisms existing in SS are the enteric bacteria, parasites, viruses, protozoa, and fungi (Fijalkowski et al., 2017). These microorganisms end up in sludge via adsorption on particles and then settling during wastewater treatment. Table 6 summarizes the most abundant species in SS. The occurrence of these species is closely related to wastewater characteristics, operational parameters of sludge treatment at the WWTP, and geographic location (Goberna et al., 2018). For instance, industrial wastewater, characterized by severe abiotic conditions (mainly pH, T, and HM content), has lower diversity of microorganisms in sludge than domestic wastewater (Ju et al., 2014). However, the processing of SS at the WWTP level intervenes in its microbial composition (Lloret et al., 2016). For instance, anaerobic digestion is reported in the literature to lower down the pathogenic microorganism load, although some of them can survive or regrow in the digested product during subsequent treatment (Bagge et al., 2005; Pepper et al., 2006; Holm-Nielsen et al., 2009).
TABLE 6 | Different groups of isolated microorganisms in SS.
[image: Table 6]Due to the limitations related to identifying and quantifying bacteria exhaustively through culture-based methods, regulations and monitoring schemes typically focus on bacterial indicators. In fact, while investigating the efficiency of a process to stabilize pathogenic microorganisms in SS, some indicators are commonly used throughout the literature. Indeed, fecal coliform bacteria and Enterococci are common indicators of enteric bacterial pathogens, whereas F+ coliphage has been used as an indicator of enteric virus. It is worth mentioning that due to the omnipresence of antibiotics in the environment in general and in SS in particular (Ezzariai et al., 2018), sludge may contain some resistant bacterial strains such as multiresistant Escherichia coli (Reinthaler et al., 2013). The fecal coliforms are widely known to induce adverse damage regarding public health. For instance, Escherichia coli produces verotoxins, which have been associated with disease outbreaks of diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome in humans (Pradell et al., 2000).
For an exhaustive screening of pathogens in SS, metagenome analysis constitutes a qualitative approach that enables pathogen identification and provides a potential solution to the challenges associated with the traditional culture-based methods mainly for viruses’ identification. Based on such a novel approach, a wide occurrence of newly emerging respiratory viruses (e.g., coronaviruses) and the relative minor abundance of Enteroviruses in SS have been reported (Bibby and Peccia, 2013). Interestingly, several updated research in the circumstances of the latest outbreak of COVID-19, declared as a pandemic by the World Health Organization (WHO), reported the presence of SARS-CoV-2 in SS in many countries (Amoah et al., 2020; Yang et al., 2020; Balboa et al., 2021), starting in the Netherlands (Medema et al., 2020). This probably means that handling raw SS may lead to the dissemination of the virus.
Parasites are also among the most abundant pathogenic microorganisms in SS. In fact, they are distinguished from the rest of pathogens by their recalcitrance in the environment (Capizzi-Banas et al., 2004). Three groups of helminth eggs in both raw wastewater and SS including nematodes (e.g., Ascaris lumbricoides, Trichuris trichiura, and Toxocara spp.), cestodes (e.g., Taenia solium and Taenia saginata), and trematodes (e.g., Schistosoma spp.) were found with which high sanitary risks are associated (Scott, 2013). Initially existing in wastewater, helminth eggs are usually converted to sludge during wastewater processing, mainly while settling, since their density exceeds that of water (1.056–1.237) (Gantzer et al., 2001; Koné et al., 2007). Several authors reported that SS has important loads of parasites belonging to diverse taxa (Jiménez, 2007; Koné et al., 2007; Navarro and Jiménez, 2011; Rocha et al., 2016; El Fels et al., 2019). However, Ascaris’ eggs remain the most prevalent compared with other identified parasites.
In Morocco, the occurrence of such pathogens is addressed in wastewater rather than SS mainly when treated wastewater is intended for agriculture recycling. Shaoua et al. (2018) demonstrated the effectiveness of the activated sludge process to remove helminths from treated wastewater under semi-arid climate. Idrissi et al. (2020) reported that the lagooning process does not ensure a total purification of wastewater in terms of helminth eggs concentration. Regardless the effectiveness of wastewater treatment in terms of parasites removal, the conversion of helminth eggs in wastewater to SS is often reported (Hajjami et al., 2013; Chaoua et al., 2018, Idrissi et al., 2020). Several studies investigated the occurrence of helminth eggs in SS belonging to different processes of WWTPs such as lagooning, activated sludge, and waste stabilization ponds (Table 7). El Hayany et al. (2018) and Hafidi et al. (2018) reported the prevalence of Ascaris’ eggs, which is the most resistant species among nematodes, in SS sampled from an activated sludge process-based WWTP. The load of Ascaris’ eggs in raw fresh sludge is significantly higher than the load recorded in dehydrated sludge (from 6 to 8 eggs/g and from of 0–3 eggs/g, respectively). Regarding the cestodes group, Khadra et al. (2019a) recorded 7.6 eggs/g of Hymenolepis nana in fresh SS, while only 0.91 eggs/g was revealed in thickened SS. The prevalence of trematodes is lower than those of nematodes and cestodes. For instance, El Hayany et al. (2018) reported a concentration less than 1 eggs/g of Schistosoma spp. in both fresh and dehydrated SS sampled from a lagooning-based WWTP in a semi-arid climate. Overall, nematodes are the most prevailing species in SS. This is likely attributed to Moroccan’s culinary habits, mainly the consumption of well-cooked meat, which does not favor the transmission of cestodes and trematodes (Mrabet and Agoumi 1991). Overall, Ascaris’s eggs are most prevalent, among the nematodes, in SS generated by a different process of wastewater treatment. Indeed, they have been frequently reported as the most common helminth eggs in domestic wastewater in Morocco, Mexico, Brazil, and Colombia (Jiménez, 2007). The abundance of Ascaris’ eggs in the environment has been related to its high egg production and its important survival capacity even under severe environmental conditions. According to Feachem et al. (1983), female Ascaris spp. lays about 200,000 eggs per day compared to Trichuris spp., which produces between 2000 and 10,000 eggs per day. Data in Table 7 also emphasize that sludge belonging to natural lagoons are more concentrated in helminth eggs than that in the activated sludge process. This is likely due to the residence time of the sludge which is shorter in the activated sludge process (2–5 days) than in the lagooning (7 years). This is substantiating that settling for a long period in the lagoons leads to an enrichment of sludge in terms of helminth eggs content (El Hayany et al., 2018). The existing literature on helminth eggs’ occurrence in sludge also demonstrated that dewatering techniques lead to a decrease in the load of helminth eggs in SS. For instance, dewatering of SS using drying beds allowed a decrease of almost 40% of the total helminth eggs, but the final load still did not meet the standards for agricultural recycling (El Hayany et al., 2018). Based on the epidemiological risks, the WHO (2006) recommended a threshold of 1 helminth egg/g (DM). The French legislation (French official Journal, 1998) considers sludge treatment as efficient if the final product contains less than 3 viable helminth eggs/10 g (DM). The U.S. Environmental Protection Agency (US Epa Protocol, 1999) defines treated sludge as “Class A biosolids” when it contains 1 helminth egg/4 g (DM). In the Moroccan context, there is a lack of legislation regarding helminths in SS for agricultural application; a situation that underlines the necessity to attribute more interest to parasites in SS and national standards development.
TABLE 7 | Helminth eggs occurrence in SS in Morocco.
[image: Table 7]Overall, despite the existing studies on helminth eggs occurrence in sludge in the Moroccan context, more investigations are required in order to cover several geographical areas to address the prevalence of parasites in sludge. More research studies should be conducted to fill the gap in terms of helminth eggs diagnosis in SS. In addition, investigations on solar-dried sludge in terms of its content in helminth eggs should be triggered involving different climate and geographic conditions, especially when the sludge is intended to be recycled in agriculture.
PAHs and Antibiotics in Sewage Sludge
Due to human and industrial activities, SS may contain persistent organic micropollutants such as polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls, and nonylphenols (Planas et al., 2005; Amir et al., 2005). Dubey et al. (2021) reviewed the occurrence of a cocktail of organic micropollutants including the recently emerging ones. According to the U.S. Geological Survey (USGS, 2008), emerging contaminants are defined as “any synthetic or naturally occurring chemical or any microorganism that is not commonly monitored or regulated in the environment with potentially known or suspected adverse ecological and human health effects”. Emerging contaminants such as antibiotics, personal care products, drugs, and veterinary products are quantified in SS, and their concentrations vary from ng/kg to mg/kg in the stabilized SS (Tavazzi et al., 2012; Ezzariai et al., 2018). It is widely demonstrated in the literature that such hazardous organic compounds are commonly removed from wastewater via biodegradation and sorption mechanisms, resulting in sewage sludge (Aemig et al., 2019). Indeed, sorption mechanisms of hydrophobic organic micropollutants are due to the surface area of both live and dead biomass (0.8–1.7 m2/g) (Wang et al., 1993; Rogers, 1996; Tavazzi et al., 2012).
Among organic micropollutants, PAHs are the most often addressed in the literature due to their mutagenic and carcinogenic behavior. Their omnipresence in the environment is due to their multiple sources. Not intentionally produced by human activities, the PAHs are by-products of incomplete combustions of organic matter (Rogers, 1996; Abad et al., 2005). Additionally, some natural phenomena could exacerbate their spread in the environment (wildfire, eruptions, etc.). PAHs are hydrophobic in nature and can easily become unavailable for degradation in sewage systems by adsorption onto solid particles during the biological treatment of wastewaters explaining their biological recalcitrance (Wild et al., 1990; Amir et al., 2008). Sorption of PAHs increases with an increase in molecular weight, hydrophobicity, phenolic, and aromatic compound content in the dissolved/colloidal matter (Barret et al., 2010). Several investigations demonstrated that 95% of PAHs can be removed from wastewater and then converted to SS (Fijalkowski et al., 2017; Dubey et al., 2021). Indeed, the range of total PAHs detected in wastewater and SS is from 0.002 to 20 ppm (Gawlik 2012; Fijalkowski et al., 2017). In the context of Morocco, PAHs occurrence in SS is rarely addressed. El Hammoudani and Dimane (2021) have monitored the occurrence of PAHs during sludge treatment including thickening, mechanical dewatering, and chemical stabilization (lime addition) in an activated sludge-based WWTP. The studied PAHs ranged between the quantification limit and 0.25 mg/kg in thickened sludge, while a maximum of 0.10 mg/kg has been recorded in chemically stabilized dewatered sludge. The highest observed concentrations were recorded for naphthalene, pyrene, and benzo (g, h, i) perylene. In the Moroccan context where recycling SS in agriculture is for an important relevance, a lack of a database gathering such organic micropollutants in sludge and their behavior under sludge treatments is observed. This gap incites to trigger more research in this field. In addition to the PAHs, the prevalence of antibiotics constitutes a major concern when the application of raw/treated sludge on agricultural soils is intended. Over the past decades, the increasing use of antibiotics in infection therapies and livestock production has resulted in a significant accumulation of these drugs and their metabolites in SS (Chee-Sanford et al., 2009; Yang et al., 2018). These compounds end up in SS with concentrations varying between few nanograms and 100 mg kg−1 (dry matter). The four main families (tetracyclines, sulfonamides, macrolides, and fluoroquinolones) have been quantified in raw sludge. Ezzariai et al. (2018) reported concentrations superior to 1,000 μg kg−1 dry matter of ciprofloxacin, norfloxacin, and tylosine, more than 10 μg kg−1 dry matter of tetracyclines and oxytetracycline, and lower concentrations of macrolides sulfonamides (more than 10 μg kg−1 dry matter). It is worth noticing that antibiotics are widely investigated in raw sludge and composted sludge when intended to be recycled in agriculture but rarely in solar-dried sludge. In addition, antibiotics in raw and composted sludge have been also addressed in terms of dissemination of antimicrobial resistance which lowers the antibiotics efficiency and then threatens public health (Chen et al., 2007). Antibiotics in sludge, when applied to agricultural soils, may induce toxicity to plants. In fact, antibiotics (e.g., quinolones and fluoroquinolones) in composted sludge demonstrated a high genotoxic effect on Vicia faba root tip even at low concentrations (Khadra et al., 2019b; Khadra et al., 2019c).
SOLAR DRYING AS SEWAGE SLUDGE STABILIZING TREATMENT
Solar Dryer Structure
Solar dryers with a greenhouse structure are increasingly used. In Europe, many solar dryers, mainly in Germany, France, Austria, Turkey, and Poland, were constructed (Bennamoun 2012). The drying process can be carried out in open, semi-open, or covered tunnel greenhouses. Open greenhouses are much criticized in terms of water removal efficiency, uncontrolled odors, and greenhouse gases emission. To avoid these shortcomings, covered greenhouses are introduced as an efficient option for sludge drying (Bennamoun, 2012).
The general design of solar dryers consists of a greenhouse made with a transparent material and a floor where sludge is disposed in thick layers. To avoid fermentation problems, the thickness of the layer should not exceed 40 cm. Furthermore, fans and ventilations are generally used in order to regenerate the air inside the greenhouse, thus evacuating the humidified air. In some systems, a robot is used to mix and aerate the sludge, thus renewing the surface exchange and avoiding fermentation and crust formation (Kamil Salihoglu et al., 2007; Bennamoun, 2012; Bennamoun et al., 2013). Sensors are placed in the greenhouse in order to ensure a real time control of the key parameters involved in the drying process, mainly temperature and relative humidity (Figure 5).
[image: Figure 5]FIGURE 5 | Structure of a covered solar dryer (Kamil Salihoglu et al., 2007).
Water Removal Efficiency of a Solar Dryer
The effectiveness of solar dryers in terms of water removal from SS has been widely investigated using mechanically dewatered SS. This is to say that this paragraph deals with the impact of solar drying on vicinal and chemically bound water that persisted after dewatering. As described in Table 8, water removal depends wholly on the climatic conditions and more particularly solar radiations and temperature. Due to the greenhouse effect, an average of 80% of dry matter content is reached in summer in different geographical contexts under different climates. For instance, under semi-arid climate, SS sampled from the WWTP of Marrakech reached at least 90% DM content in summer after 2 weeks of drying (An-nori et al., 2020a). A study conducted in Poland (continental climate) stated that SS reached 86% of DM in summer (Paluszak et al., 2012). Autumn and spring are also favorable for solar drying of SS (Table 8). Indeed, the reached DM content during these two drying cycles is comparable well to summer season in terms of water removal. On the other hand, lower efficiency in terms of water removal has been reported in winter in some European countries and on average less than 50% DM content is reached (Bux et al., 2001; Paluszak et al., 2012). However, in the case of semi-arid climate, the solar drying process is efficient in both winter and summer (Belloulid et al., 2017).
TABLE 8 | Impact of the solar drying process on pathogens in sewage sludge.
[image: Table 8]The existing data regarding solar drying efficiency in terms of water removal demonstrated a significant removal of vicinal water and the chemically bound water, especially where climate is favorable (e.g., semi-arid climate). This is substantiating the usefulness of such a process in SS management after the mechanical dewatering techniques. The shortcomings met during winter could be fixed by involving further treatments such as liming that is known to increase temperature and then boost water removal.
Effect of Sludge Solar Drying on Pathogen Removal
The solar drying process decreased pathogen content, while high temperatures are recorded. In fact, when the water activity index decreases, the microbiological growth is inhibited (Paluszak et al., 2012). The fate of pathogens during solar drying has been rarely addressed. Throughout the literature, only seven studies were conducted since 2001 and only one study treated the removal of helminth eggs from SS during the solar drying process (Table 8). The revised literature used in this review includes both technical and pilot-scale solar dryers in order to assess the impact of solar drying on pathogen content in SS. Most of the existing studies involved two drying cycles including summer and winter, as these two seasons refer to the extreme temperatures involved in the solar drying process. The experiments conducted by Paluszak et al. (2012) in the north of Poland involving a hybrid system, using the solar effect and the heating floor system, allowed to assess its capacity to deal with the limitations of solar drying during winter. Mechanically dewatered sludge (using belt filters and centrifugation) was mostly used to conduct the solar drying process. Only one reported study investigated the impact of the solar drying process on limed dewatered SS. The dry matter content at the beginning of solar drying varies between 15 and 30% according to the process involved in mechanical dewatering. Regardless of the initial moisture content, the DM by the end of solar drying reached an average of 80% in summer and almost 40% in winter. As it is difficult to exhaustively assess the concentration of pathogenic microorganisms in SS after the solar drying process, total coliform and fecal coliform are mostly studied in the literature as indicators of contamination in sludge and among the criteria to assess the sanitizing effect of sludge treatment. Indeed, the pathogens content before and after solar drying is expressed in CFU and MPM for fecal contamination indicators and in egg/g (FM) for helminth eggs. The abatement rates have been calculated in the present review.
The reviewed studies compared well in terms of the abatement rate of pathogens, which is reported to be more important in summer than in other seasons. Shanahan et al., 2010 conducted a large scale solar drying of SS and assessed the efficiency of such a covered structure (plastic film roof) in terms of SS sanitization using indicators of fecal contamination. The assessment was based on absence–presence aspect after 12 days of drying. Solar-dried biosolids were analyzed for selected pathogenic microbial including fecal coliforms, total coliforms, and bacteriophages as indicators of viral survival throughout the drying process. At the end of the solar drying process, although fecal coliforms were found to be present, Enteroviruses, parasites, E. coli, and Salmonella spp. were removed by 12 days of drying.
Under semi-arid climate, Belloulid et al. (2017) demonstrated, through a pilot-scale covered greenhouse tunnel made of polycarbonate, that the high temperatures recorded in summer allowed a significant abatement of fecal coliform and total coliform (almost 96%). However, the dying cycle in winter was less efficient in removing pathogens (almost 60%). Paluszak et al. (2012) demonstrated that using other sources of heat boosts the effect of solar drying to remove pathogenic microorganisms during winter. In fact, an abatement rate of 91.7% is reached, compared to only 60% recorded by Belloulid et al. (2017) when involving only solar radiation. Liming before mechanical dewatering and solar drying processes leads to a high abatement rate of fecal and total coliform (more than 99%). Thus, the combination of lime and greenhouse effect where, climatic conditions are not favorable, is efficient for pathogen removal. Regarding the fate of helminth eggs in SS when subjected to the solar drying process, the single reviewed study demonstrated significant removal of helminth eggs in summer under semi-arid climate. A complete removal of some species (Shistosoma sp., Capillaria sp., Trichuris sp., Toxocara sp., and Taenia sp.) is reported, while an incomplete abatement of Ascaris eggs was noticed, and the final load in SDS exceeds the threshold established by the WHO of an agricultural application of SDS. However, to not pronounce restrictive decisions on the efficiency of the solar drying process in terms of helminth eggs removal, more studies involving different operating conditions should be conducted.
Overall, the aforementioned findings rely on the pathogen removal in SS to high temperatures inside the solar dryer. These findings, if compared to those of the previous section, which reported the highly significant increase in the DM content after solar drying, it can be possible to assume some mechanisms behind pathogen removal. In fact, the temperatures inside the solar dryers may affect directly and indirectly the fate of pathogens in SS. On the first hand, the direct impact is likely to be attributed to the damages that would occur at the cellular level. For instance, helminth eggs when exposed to high temperatures, including those commonly recorded inside the solar dryers, become sensitive to many stressors as the membrane lipids of their shell is often affected (Barrett, 1976; Pecson et al., 2007; Hafidi et al., 2018). On the other hand, solar drying induces indirect pathogens abatement through DM increase. This results in a decrease in the water activity index in SS which induces an osmotic stress on pathogens. As a result, pathogens cells cannot take up water and become inactive.
What should be criticized in the few reviewed studies regarding pathogen removal after solar drying of SS is the fact that only the presence–absence aspect has been considered for many indicators of fecal contamination. However, the spore analysis did not appear in focus in all the reported studies. While assessing the sanitizing effect of solar drying of SS for an agricultural valorization, the absence of microorganisms is not sufficient to guarantee a safe use. In other words, if spores are still present in SDS, when incorporated to agricultural soils, they may regrow under favorable conditions. Moreover, when assessing the removal of helminth eggs using the solar drying process, viability aspect should also be considered to avoid any underestimation of their associated risks.
Impact of Solar Drying on Heavy Metals and Other Organic Contaminants Removal
More information is needed in the literature regarding the behavior of organic micropollutants and HMs in sludge during the solar drying process. In fact, only two studies have addressed the variation of total HM content, and the behavior of organic contaminants is still an unsettled issue. As indicated in Table 9, no significant removal of HMs from SS has been recorded. Therefore, it has been concluded that the solar drying process does not involve any mechanisms to remove HMs from SS. However, results reported by An-nori et al. (2020a) demonstrated changes in HM speciation under semi-arid climate. Cr, Cu, and Pb, initially bound to the oxidizable fraction (80, 70, and 80%, respectively), were found to be abundant in the residual form after 45 days of sludge solar drying (78, 73, and 71%, respectively). Ni, mostly associated to the reducible fraction (43.7%) in the mechanically dewatered sludge, was found mostly associated to the residual fraction by the end of the solar drying process (55%). The changes occurred during solar drying of SS in terms of HM speciation were referred to the significant decrease in moisture content and organic matter changes. In fact, when dry matter increases, amorphous minerals could be converted to crystalline and stable form. This explains the increase in the residual fraction and the decrease in the reducible form of Ni. The conversion of the oxidizable fraction to the residual one in the case of Cr, Cu, and Pb is linked to the organic matter change, as confirmed by Milinovic et al. (2017), indicating that drying at 40°C changed the nature of organic compounds.
TABLE 9 | Impact of solar drying on heavy metals in sludge.
[image: Table 9]The reviewed results of the single existing study regarding heavy metals behavior in SS during the solar drying process focused only on Cu, Ni, Cr, and Pb as they were the most abundant. Moreover, it was conducted in summer season under semi-arid climate, which constitutes the most favorable climatic conditions for such a process. Thus, the above-discussed results in terms of speciation changes are not enough to decide on the efficiency of the solar drying process in terms of HM stabilization. To do so, further investigations on a large HM spectrum are necessary to be conducted covering different operating conditions.
CONCLUSION
Advances in wastewater treatment technologies in the last decades have led to an increase in SS production worldwide. Sludge recycling in agriculture became a solution to restore exhausted soils, namely, in the African context, as it includes plant nutrients and important organic matter content.
Solar drying is involved at the wastewater treatment plant scale as an extended dewatering technique. When solar-dried sludge is intended for an agricultural application, multiple questions are raised regarding the efficiency of such a process in terms of pathogen removal and HMs and other organic micropollutant behavior. Moreover, a question regarding agronomic characteristics of SDS is raised. This review focused on the impact of the solar drying process on the water content in sludge (hence DM), pathogen removal, and heavy metals and organic micropollutant behavior. The few existing data in the literature confirm that solar drying increases very significantly increases the DM content in sludge; starting with 20%–30%, a range of 80%–90% is reached in summer within different geographical contexts under different climates. However, lower efficiency in the increase in the DM content can be noticed in winter in continental climate. In the case of semi-arid climate, the solar drying process is efficient in both winter and summer in terms of water removal. Solar drying has more significant impact on pathogens in sludge in summer than in winter. Indeed, the high temperatures in summer allow a very significant abatement of fecal coliform and total coliform (almost 96%). Contrariwise, the drying cycle in winter showed a lower removal rate (an average of 60%). The reviewed data regarding solar drying efficiency in terms of water removal, hence sludge volume reduction, confirm the usefulness of such a process especially where climate conditions are favorable (e.g., semi-arid climate).
To overcome the reliance of solar drying on weather where climatic conditions are not favorable in winter, hybrid solar dryers are used with particular emphasis as they lead to a complete pathogen removal. Liming sludge before undergoing the solar drying process is also an efficient option to boost the effect of solar drying while sanitizing SS.
Regarding HM behavior, it has been concluded in light of the reviewed data that the solar drying process does not involve any removal mechanisms. However, changes in terms of speciation have been demonstrated showing a reduction in heavy metals availability.
FUTURE PERSPECTIVES
Since 2001, interest has been devoted to the application of the solar drying process on SS as a stabilizing and sanitizing treatment. However, research is still in progress, and more investigations are needed to decide on the effectiveness of the solar drying process in terms of pathogen removal and HM stabilization. In fact, the existing data, reviewed in this study regarding HM speciation changes, are still not enough to decide on HM mobility reduction due to solar drying process, as long as more drying cycles are not conducted (only summer cycle has been reported). Organic micropollutants in solar-dried SS are still an unsettled issue throughout the literature.
In light of the reviewed literature and from an agricultural and environmental standpoint, the following points are to be considered as a way forward for research linked to solar drying of SS and as a contribution to help SS management stakeholders to decide on the feasibility of an agricultural application of SDS:
1) investigations on the solar drying process should cover different operating conditions including mainly the less favorable and the most favorable ones and taking into account the intrinsic quality of SS, which is known to be highly variable;
2) more investigations are needed to assess the removal of pathogens during the solar drying process, and this should also include the spores to avoid any underestimation of pathogens related risks;
3) viability aspect should be considered in future investigations on parasites removal in order to assess the sanitizing effect of solar drying of SS more accurately;
4) investigation of PAHs, antibiotics, and other emerging contaminants in sludge while undergoing the solar drying process should be triggered;
5) the further research, that is highly required in the present context, is supposed to help stakeholders to develop standards regarding organic micropollutants in SS.
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