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Abstract

:

Bioremediation of contaminated soils has gained increasing interest in recent years as a low-cost and environmentally friendly technology to clean soils polluted with anthropogenic contaminants. However, some organic pollutants in soil have a low biodegradability or are not bioavailable, which hampers the use of bioremediation for their removal. This is the case of polycyclic aromatic hydrocarbons (PAHs), which normally are stable and hydrophobic chemical structures. In this review, several approaches for the decontamination of PAH-polluted soil are presented and discussed in detail. The use of compost as biostimulation- and bioaugmentation-coupled technologies are described in detail, and some parameters, such as the stability of compost, deserve special attention to obtain better results. Composting as an ex situ technology, with the use of some specific products like surfactants, is also discussed. In summary, the use of compost and composting are promising technologies (in all the approaches presented) for the bioremediation of PAH-contaminated soils.
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1. Introduction


Globally, different anthropogenic activities have resulted in increasing environmental pollution, and its consequences has injured almost all components of the ecosystem [1,2,3]. Soil, as a vital component of the terrestrial ecosystem, is prone to pollution from different sources, including industrial and agricultural activities [4,5,6,7]. Wide verities of pollutants entering the soil posing a huge threat and risk to human health and natural ecosystem [8,9,10,11,12]. Polycyclic aromatic hydrocarbons (PAHs), petroleum, and related derivatives represent the main sources of soil contamination [13,14,15,16,17]. Indeed, these organic pollutant groups are listed as priorities and receive considerable attention, owing to their toxic, genotoxic, mutagenic, and potentially cancer-causing properties [18,19].



To deal with this problem, several treatment technologies are used, including chemical, physical, and biological, as well as thermal for remediation of these contaminated soils. Among the best approaches is the bioremediation technology, which is categorized as a promising approach that continues to gain more attention due to its efficiency, cost-effectiveness, and environmental-friendly byproducts [20,21,22]. The process mainly relies on the activity of a wide spectrum of microorganisms to degrade the target contaminants to lower toxic levels. Bioremediation of PAH-contaminated soil has been performed utilizing distinctive approaches [7]. In any case, composting as a remediation approach has been considered a reasonable strategy in this field, because it provides nutrients for indigenous microorganisms to degrade the target contaminants; simultaneously, applying this approach is a great opportunity for feasible and sustainable reuse of the natural biodegradable fraction of wastes. Additionally, the process is cost-effective compared with other approaches—for instance, composting costs between $50–$140 per ton, while applying slurry or biopiling treatments cost $170 per ton and $130–$260 per cubic meter, respectively [23,24,25,26,27]. Bioremediation of PAH-contaminated soil through composting could be implemented through incorporating PAH-contaminated soils to the composting process, or by adding compost to contaminated soils. Also, bioaugmentation or surfactant application might be included to achieve the final set objectives [16,25,28,29,30,31,32,33,34]. Biodegradation of PAHs intrinsically depends on microbial activity, where bacteria and fungi are considered the foremost vital variables governing the bioremediation process [35,36,37]. However, the functionality of these microorganisms is affected by different factors within the composting mixture, including biotic and abiotic factors. In this context, the environmental condition (pH, temperature, moisture,), nutrient availability, oxygen presence, and bioavailability of the contaminants are essential parameters for process control and performance [38].



This review focuses on the application of composting and compost addition for the bioremediation of soils contaminated with PAHs. In this regard, the impact of different controlling factors like temperature, PAH structure and concentration, co-substrate stability, co-substrate mixing ration, and bioaugmentation are discussed. Moreover, other issues, such as bioavailability, surfactant application, and the degradation pathways of PAHs are illustrated, in order to provide an insight into the process that is necessary for new development.




2. Soil Contamination with PAHs


Soil represents a vital component of all terrestrial ecosystems. However, it is subjected to degradation or decline in its quality as a result of different anthropogenic activities that have resulted in increasing the rate of contamination [4,5,7]. Therefore, polluted land is a worldwide concern, and can be viewed as major obstruction to sustainable development and modern environmental protection [39]. Soil contamination has been recognized as one of the major dangers to soil function in Europe by the Communication from the European Commission “Towards a Thematic Strategy for soil Protection” [40,41]. The issue has expanded with expanding public awareness and concern about the presence of chemicals in the environment, particularly due to their different unfavorable impacts on the ecosystem and human health. Polycyclic aromatic hydrocarbons (PAHs) have been recorded as pollutants of priority importance due to their properties and ubiquitous occurrence, as well as their recalcitrance [18,42,43]. Consequently, great efforts worldwide have been directed toward remediating these pollutants from the environment.



2.1. PAHs: Properties and Sources


PAHs are a group of ubiquitous organic pollutants with at least two aromatic rings (Figure 1), and are poorly soluble in water (Table 1). Due to their chemical structure, PAHs have hydrophobic properties, which refers to their ability to accumulate on the surface of solid materials like soil, sediment, sewage sludge, and solid wastes. The dangers emerging from the presence of PAHs in soil are related to the toxic nature of those pollutants [42,43]. It is noteworthy that some substances in this group have been recognized as mutagenic, carcinogenic, and teratogenic [18,19].



Sources of PAHs are categorized into natural as well as anthropogenic sources: hydrothermal process volcanoes, forest fires, and waste burning are natural sources of PAHs. Anthropogenic sources include waste incinerators, burning of fossil fuels during heating processes, incomplete combustion of organic matter, petrochemical spills on land, wood burning, petrol and diesel oil combustion, gasification, and plastic waste incineration [13,14,15,17]. Globally, 16 to 32 PAH compounds are subjected to mandatory control, due to their harmful properties [44]. PAH persistence and hydrophobicity in environmental components are the main factors that exacerbate the pollution problem, taking into account that soils receives a considerable share of this pollution (sink), due to their complex matrix structure that facilitates the sorption of these pollutants. Soil organic matter is a decisive factor in determining the degree of PAH sorption into the soil, along with the physicochemical properties of the PAHs themselves [18,19,23,45,46]. Therefore, the remediation of soils polluted by aged PAHs has become a major issue for environmental scientists in recent years [12,13,14,47,48].




2.2. Bioremediation of PAH-Contaminated Soils


When natural biodegradation processes cannot achieve the desired goals, in this case, human intervention becomes necessary to stimulate the process above naturally occurring microbial process [49]. Accordingly, several approaches have been used to enhance bioremediation efficiency. These approaches, which could be used separately or in combination (two or more) include, but are not limited to, biostimulation (providing nutrients for increasing the microbial activity), bioaugmentation (introducing a consortium of indigenous or exogenous microorganisms), using surfactants, and co-metabolism [50,51]. Recently, various studies have been done in attempt to understand the process hierarchy and to provide solutions for different process limitations. For instance, much research has been carried out to better understand the microbial behavior and its interaction with the contaminants during the bioremediation process, whereas others have focused on introducing exogenic and genetically engineered microbes for process enhancement [52].





3. Composting Technology


Composting is defined as an aerobic process, which fundamentally requires oxygen, optimal moisture content, and porosity to stabilize the organic waste, and its common control variables are temperature, oxygen, and moisture [53]. Thus, composting bioremediation is the adaptation and application of the composting technology for wastes and contaminant treatments.



In order to achieve optimum results within a reasonable time during any composting treatment, process-controlling parameters have to be adjusted within the optimum values, and the process passes through two main stages. First is the decomposition/active stage, which is characterized by extensive microbial activity that leads to a steadily increase in the temperature, passing from the mesophilic ranges (25–45 °C) to reach the thermophilic ones (more than 45 °C). To maintain aerobic conditions for effective microbial activity during this stage, a high rate of aeration is needed. Second is the curing stage; this take place at a lower temperature, and microbial activity is relatively low, as the nutrients pool has been depleted. Material humification is an important characteristic occurring in this stage [54], which gives an interesting value to the produced compost, especially for soil bioremediation, as will be discussed later in this work.




4. Bioremediation of PAH-Contaminated Soil by Composting


Composting technology is categorized as ex situ technology, which has been used for the treatment of contaminated soils. During the last few decades, the process received more attention, as it has proved its high efficiency in degrading various organic contaminants like, among others, PAHs, pesticides, explosives, and chlorophenols [25,55,56,57,58,59,60]. Essentially, the process relies on the addition of compost or organic co-substrates/amendments to the contaminated soil, and while the co-substrate matures, due to the action of various microbial populations within the mixture, the target pollutants are degraded [57,61]. Thus, treatment of PAH-contaminated soil combined with composting of organic waste could be an interesting option and a sustainable method with much increasing attention. It would enable eco-friendly disposal of such waste and enhance the biodegradation rate of PAHs [7,60,62]. The biodegradation process efficiency depends fundamentally on the bioavailability of the substrates, environmental conditions (pH, moisture, temperature), the presence of oxygen, and the availability of nutrients [38]. Remarkably, the bioremediation of PAH-contaminated soils through composting has confirmed this technique’s capability to overcome most obstacles that might hinder reaching its goal, which is the removal of contaminants [10,63,64,65,66,67].



As the process is based on mixing the contaminated soil with organic co-substrates, any failure may result in producing much greater quantity of contaminated material, and this is recognized as the main concern of using such approach. This weakness, and the general scarcity of information on the toxicity, distribution, and bioavailability of such contaminants in compost-amended soils, may therefore result in the drawing up of excessively stringent soil assessment measures with remediation cost implications [68].



4.1. Effect of PAH Characteristics and Concentrations


The physical and chemical properties of PAHs have a considerable effect on their biodegradation rate. Microbial assimilation and biodegradation of these compounds basically depends on their solubility. Nevertheless, most of compounds belonging to this group are characterized as poorly soluble in water, especially with their increasing molecular weight and angularity (Table 1, Figure 1), which thus increase their hydrophobicity [69,70,71,72]. This was obvious in many studies dealing with the biodegradation of different PAHs. For instance, Han et al. [73] investigated the application of different agricultural waste on the biodegradation of aged PAHs in soil microcosms over 90 days. The initial concentration of total PAHs in the soil was 36.1 mg kg−1 dry soil, where four-ring PAHs comprised 41.7% of the total PAHs. The results demonstrated higher degradation rates of 40.7–61.2% for PAHs with low molecular weight (LMW), compared to 18.7–33.1% for those with high molecular weight (HMW) in all soil microcosms. Similarly, Lukić et al. [74] showed that LMW-PAH removal was more favorable in the mesophilic phase, with 11% and 15% residues in the soil, than in the thermophilic phase, with 29% and 31% residues. Additionally, more resistance to degradation was observed for HMW PAHs, resulting in a decrease in the total removal, which was less than 50% for both benzo[a]pyrene and benzo[k]flouranthene, in all treatments [75,76]. In this regard, even though both compounds have the same number of benzene rings (five) and molecular weights, the higher octanol–water partition coefficient (log Kow) of benzo[k]flouranthene increased its hydrophobic properties and consequently its degradation rate under the same conditions. Indeed, higher log Kow leads to a higher potential of bioaccumulation, which is the main factor responsible for the lower biodegradability of such compounds [77]. Obviously, and according to the obtained result in different studies, there is a consistent relationship between the persistence of PAHs in the environment and increasing their numbers of benzene rings, which ultimately affects their biodegradation rate.



The concentrations of PAHs also have a substantial influence on the microbial activity in such treatments, since high concentrations would lead to toxic or inhibition conditions. Meanwhile, low concentrations could be below the rate needed to stimulate microbial cultures to degrade these contaminants [78,79]. This was obvious in the study conducted by Sayara et al. [78], in which the PAH concentrations had a crucial effect. Low concentrations were found to be less than the rates that are assumed to initiate the degradation process, since microbial communities prefer the utilization of readily available nutrients, which are consumed quickly before initiating biodegradation of the target PAHs. The same results were obtained by Zappi et al. [80], where low concentrations of PAH did not degrade, even when the system was supplanted with additional carbon sources. Wu et al. [66] showed that compost addition is an effective approach for enhancing PAH removal from soils, but increasing the ratio of added compost does not necessarily help to increase removal. Nevertheless, enhanced removal by compost addition seems more effective for higher initial PAH concentrations. In this regard, Jorgensen et al. [81] demonstrated that the degradation rate of a compound is proportional to its concentration, especially for highly soluble compounds, and argued that the degradation of hydrocarbons is governed by first-order kinetics. However, this argument may be validated to some extent, as high concentration may become detrimental to microbial activity and disturb nutrient balance, especially when LMW PAHs are present [78].




4.2. Effect of Temperature


Providing optimum temperature is an intrinsic factor for the successful biodegradation of PAH. The importance of this factor stems from its influence on the metabolic activity, bioavailability, solubility, and diffusion rate of the target contaminate [82]. It is noteworthy that the solubility of PAHs increases with temperature, which ultimately increases the bioavailability of the PAH molecules. However, increasing temperature is associated with decreasing oxygen solubility, which on turn reduces the metabolic activity of aerobic microorganisms. Furthermore, and to a certain extent, the specified temperature range will determine the types of dominant microorganisms and their enzymatic activity that will undertake the degradation [73].



The successive stages during the normal composting process (mesophilic phase, thermophilic phase and curing phase) are expected to be accompanied by specific populations of bacteria, and different effects on contaminants are found with different stages of compost product. The biodegradation of PAHs occurs over a wide temperature range, and microorganisms have found to be adapted to biodegrade PAHs at extreme temperature conditions. Under mesophilic and thermophilic temperatures ranges, it has been found that the enzymatic activity of microorganisms increases, which helps in increasing the rate of hydrocarbon degradation. However, it should be underlined that a great amount of research has been directed to focus on the process behavior under mesophilic conditions, as it is believed that a wide spectrum of microbial communities could be present in active roles under these temperatures, and thus reasonable degradation rates could be achieved [78,83,84,85,86].



During in-vessel composting of pyrene-contaminated soil, composting temperature affected the prevailing of some microbial groups over others, and the predominant bacterial community changed over time. The degradation of pyrene was dominated by α-, β-, and γ-Proteobacteria, as well as Actinobacteria, at 38 °C during 14 days of composting, and then Streptomyces at 55 °C. Later, at 70 °C and after 42 days of composting, Acinetobacter and Thermobifida occupied leading position. Finally, Thermobifida and Streptomyces flourished after 60 days of composting at 38 °C [87]. Concerning the temperature effect, Lukić et al. [74] claimed that degradation rates of 89% and 59% for three-ring and four-ring PAHs, respectively, were achieved in reactors under mesophilic temperatures. In contrast, reactors displaying a thermophilic range ended with 71% and 41% removal for the same pollutants, respectively, during the bioremediation process. The addition of compost significantly promoted the removal of PAHs and alkanes up to 88% after 50 days of incubation under mesophilic temperatures (28 °C), compared to the natural biodegradation of hydrocarbons in soils without compost [67]. Additionally, the composting of PAH-contaminated soils under different conditions and different organic substrates were found to perform better under mesophilic conditions [23,25,78,88,89]. LMW-PAH concentrations, such as naphthalene, acenaphthylene, acenaphthene, fluorene, anthracene, and phenanthrene, were decreased by an average of 89% at 38 °C, which is twice that compared to the concentration reduction at 55 °C, which was an average of 45%. Simultaneously, no big difference was observed concerning HMW PAHs, including fluoranthene, pyrene, benzo[a]anthracene, and chrysene, where the removal rate was by an average of 67% at 38 °C, compared to 69% at 55 °C. Nevertheless, a high temperature was considered adverse to microbial activity, and volatilization was the leading mechanism of PAH removal [88]. Under these conditions, it is assumed that a longer incubation period under the mesophilic phase could facilitate PAH removal, due to the richest microbial diversity and possible increased microbial activity [27]. According to these studies, and others in the literature, mesophilic temperatures demonstrated their viability and were found to be more favorable for degrading LMW PAHs, with great success in many cases due to the large microbial diversity; however, these temperatures were not found to be so efficient in the degradation of recalcitrant PAHs [69,75,88,90].



On the other hand, thermophilic ranges have been documented as enhancing PAH degradation. During the composting of hydrocarbon-polluted sediments (total petroleum hydrocarbons (TPH) = 40.3 gkg−1 dw) with different organic co-substrates, Alves et al. [91] point out that fish sludge achieved higher temperatures and was able to maintain thermophilic temperature longer than other amendments, which ultimately led to greater TPH removal rates (39.5%). It was assumed that such conditions are conducive to develop fungal communities and exert a surfactant effect, thus promoting the degradation rates. Similarly, Zhu et al. [92] proposed that enhanced solubility under thermophilic conditions could explain the higher removal rate (46%) of benzo[a]pyrene in composting treatments compared to 29% under mesophilic ones. However, whether the increased solubility or microbial community changes contribute to the high-temperature impacts needs further investigation. Viamajala et al. [82] further demonstrated that the elevated temperature during the thermophilic phase of composting enhanced the solubilization rates of phenanthrene, and hence its degradation. Based on the aforementioned observations, it is clear that the impact of composting temperature is correlated to the physiochemical properties of the targeted PAH, as the corresponding degrading microorganism are specific to temperature [93]. Generally, and despite of the different observations, mesophilic temperatures and the dominant microorganisms under these conditions are believed to be more preferable for the degradation of such compounds [69,78,83,84,85,86,94].




4.3. Effect of Organic Co-Substrate Stability


Even though various organic co-substrates/amendments have demonstrated their viability in the composting of PAH-contaminated soils, composition of these materials varies significantly in the sources and stages of decomposition [25,59,78,95,96], which as a consequence influences the removal rate in different ways [59,69,78,97]. The selected organic co-substrates for the bioremediation process should contribute in improving and overcoming any deficiencies or limitations that influence the process performance and efficiency. Accordingly, selection of the most suitable organic co-substrates represents as a major challenge in such studies [59,95].



In the bioremediation of PAH-contaminated soils, organic matter stability is of particular importance, as this parameter is directly correlated to the organic substrates’ composition and biological activity [98]. Various studies have pointed out that the fate of PAHs is dependent on the quality and nature of the amended organic matter [25,69,78,93]. Bioremediation of PAH-contaminated soils with more stable compost has proved to be more effective than with less stable or fresh organic amendments [25,78,97]. In this context, the preference of these substrates related to the presence of humic substances was found to form a considerable part of stable compost and was proportional with its degree of stability [25,78]. This humic matter was documented to enhance the organic compounds’ bioavailability [78,97]. During the composting process, organic co-substrates provided nutrients for microorganisms [99]; meanwhile, humic matter evolution is expected to facilitate the microbial accessibility to PAHs. This behavior is established as a result of decreasing humic matter binding affinity and increasing of the heterogeneity of binding sites, closer to soil humic matter, which is conducive to microbial accessibility to PAHs [97,100]. Additionally, stable compost contains low biodegradable organic matter content and a higher concentration of organic macromolecules [101], which are believed to enhance the biodegrading of the contaminant. The presence of easily degradable organic matter is assumed to reduce the process efficiency, as microbial cultures prefer to use easily degradable organic matter and thus decrease or retard utilization of the contaminant. Another important point in this item is represented by effect of the potential working surface area. In this regard, less degraded organic matter generally has coarse fractions (>5 mm), whereas most humified organic matter is generally presented in fine fraction [102]. The finest compost size fraction (<3 mm) with a higher surface area ratio provides more accessibility to microorganisms and releases more nutrients compared to coarse compost fraction [101,103].



During the bioremediation process, an increase in the content of humic matter from 0.23% to 0.70% was observed, and these changes resulted from the structural changes that occurred in the material composition. Potentiometric titrations of humic acid solution showed increases in the buffering and redox capacities of humic acids [104]. Plaza et al. [97] reported that the composting process caused a structural conversion of humic acids from an organic substrate by reducing the aliphatic fraction and increasing the polarity and aromatic polycondensation in a PAH-contaminated soil. This conversion decreased the PAH binding affinity of humic acids, and thus improved PAH-degrading microbial accessibility. Similar results were observed in other studies, which supports the application of stable organic co-substrates [24,66,73,78,105,106].



It is worth mentioning that when the same ratio of inorganic fertilizer (Nitrogen (N) .Phosphorus (P) .Potassium (K)) was compared with organic compost on the bioremediation of diesel-polluted agricultural soil over a two-month period, the results revealed that total petroleum hydrocarbon removal from polluted soil was 71.40 ± 5.60% and 93.31 ± 3.60% for N.P.K. and compost-amended options, respectively [107]. Also, after 30 weeks, the removal efficiencies of TPH in the soils were 29.3% under natural attenuation, 82.1% when nutrients (NH4NO3 and K2HPO4) were added, and 63.7% when the mixture was supplemented with 20% (w/w, dry weight basis) of aged refuse. However, a removal efficiency of 90.2% was recorded when nutrient and aged refuse were combined together. Nutrients plus aged refuse made the TPH concentration decrease to below the threshold level of commercial use required for Chinese soil quality for TPH (<3000 mg/kg) in 30 weeks. It was also found that dehydrogenase activity, bacterial counts, and degrader abundance in the soil were remarkably enhanced by the addition of aged refuse (20% w/w) [108]. All these results confirm the suitability of stable compost over other organic and inorganic substrates. Therefore, one can conclude that introducing an adequate organic co-substrate is usually more efficient in enhancing the bioremediation process, as observed in different studies. This advantage presumably corresponds to the capacity of the compost to perform simultaneously for both bioaugmentation and biostimulation.




4.4. Effect of the Mixing Ratio


The suitability of different substrates based on their physiochemical properties is recognized as an important factor in the composting of PAH-contaminated soils. Determining the appropriate quantity to be added to the mixture is also of great importance, since an inappropriate ratio may hamper or inhibit microbial activity and bioavailability [78,93]. It has been determined that even though microbial metabolism may be temporarily increased using a certain mixing ratio, the long-term inhibition of functionally important organisms may result in the failure of the bioremediation of high-molecular-weight PAHs [78]. The amount of various nutrients, and the ratio of nutrients like C, N, and P in particular, are quite conceivable as being involved in the success of the bioremediation process. Furthermore, determining the minimum quantity of the amendment that could support and maintain the desired activity with a high degradation rate is directly related to process economics [78].



As reported in the study conducted by Wang et al. [109], a microorganism’s selection of nutrients could delay the degradation of pollutants, as normally microorganisms prefer easily degradable materials over resistant ones. This study revealed that that treatments with amendment ratios of 1:1 and 2:1 had average TPH removal rates of 30.7% and 33.3%, respectively, but the amendment ratio of 3:1 had a slower net degradation rate of between 11.6% and 26.8%. An excess of readily degradable carbon might overtake the TPH and act as substrate for the metabolism of microbial degraders. Therefore, the proper amount of amendments should be taken into account in composting to balance the motivating effect on microorganisms and the competing effect with pollutants [109]. Similarly, Hickman and Reid [110] concluded that the compost additions combined with earthworms at a ratio of 1:0.5–1:1 (soil/compost, w/w) were efficient in enhancing the removal of extractable petroleum hydrocarbons and PAHs. However, when higher ratios of compost (1:2 and 1:4) were used, PAH losses were not advanced, which may indicate that the activity of earthworms were restricted by a higher addition of compost. Wu et al. [66] showed that compost addition is an effective approach for enhancing PAH removal from soils, especially for higher initial PAH concentrations, but increasing the ratio of compost added does not necessarily help to increase removal.



Experiments with different ratios of contaminated soil to green waste from 0.6:1 to 0.9:1 have demonstrated that in general, PAH removal is significantly enhanced in reactors increased with green waste until a maximum mixing ratio of 0.7:1 [89]. The same observation was found in Sayara et al. [78]. These results imply that low mixing ratios were not sufficient to stimulate the microbial growth; on the other hand, excessive amounts could eventually inhibit the targeted contaminants, as microbial communities prefer to use more available and easily degradable nutrients. Furthermore, co-composting of sediments (S) polluted by PAHs with urban green waste (GW) was performed using two mixing ratios (1:1 and 3:1; S/GW). In the first six months of treatment, the PAH concentrations in the 1:1 and 3:1 ratio scenarios was reduced by 57% and 26%, respectively. Despite the fact that only two mixing ratios were tested, the results again demonstrate that the low mixing ratio (3:1) was not sufficient to enhance the degradation process [94]. When different corn straw ratios (1%, 2%, 4%, or 6% w/w) were investigated for the remediation of aged PAHs in soils, removal rates were significantly (p < 0.05) enhanced under the 6% ratio, mainly for HMW PAHs. This indicates that the high amendment of corn straw was a potential option for the remediation of PAH-contaminated soils [111].




4.5. Bioaugmentation


When the indigenous microbial activity is not sufficient, or does not have the potential to achieve the set goals for bioremediation [112,113], it appears imperative to accelerate the process using different approaches. Among these approaches is bioaugmentation. The mechanism of this approach fundamentally depends on introducing exogenous microorganism strains that are characterized by their high capacity and diverse metabolic profiles in degrading the target contaminants [16,25,29,31,32]. However, and as concluded in many studies, the application of this approach has not always been effective in enhancing biodegradative capacity, mainly during the composting of contaminated soils [25,88,114,115]. For instance, 84% of petroleum hydrocarbon was degraded when Candida catenulate CM1 was used as an inoculant, while a removal rate of only 48% was obtained without inoculation, indicating a positive impact of bioaugmentation [29]. On the other hand, treatments using different substrates (mixing ratio = 1:1) were performed at the laboratory and field scales, and incubated with/without fungal inoculum (Phanerochaete velutina). Laboratory scale treatment showed that HMW PAHs were degraded significantly in the fungal-inoculated microcosms, such that 96% of four-ring PAHs and 39% of five- and six-ring PAHs were removed in three months, whereas 55% of four-ring PAHs and only 7% of five- and six-ring PAHs were degraded in non-inoculated ones. However, the field scale achieved similar degradation rates. Importantly, the number of gram-positive, PAH-ring, hydroxylating dioxygenase genes in the field scale experiment was found to increase 1000-fold, indicating that bacterial PAH degradation played a major role [116]. Wu et al. [117] compared bioaugmentation using Acinetobacter SZ-1 strain and biostimulation using (NH4)2SO4 and KH2PO4 in a petroleum-contaminated soil. It was found that the dissipation of total petroleum hydrocarbons (TPH) and the amounts of cultivable TPH, alkane, and PAH-degrading microorganisms were higher for biostimulation than for bioaugmentation. Similarly, Canet et al. [118] demonstrated that fungal inoculation, including four well-known PAH-degrading microorganisms (P. chrysosporium IMI 232175, Coriolus versicolor IMI 210866, Pleurotus ostreatus IMI 341687, and Wye isolate #7) in a mixture composed of non-sterile, coal-tar-contaminated soil and wheat straw, was unsuccessful in improving PAH removal. Sayara et al. [25] reported that the introduction of the white-rot fungi T. versicolor ATCC 42530 was not able to improve the decomposition of PAHs; on the contrary, organic substrates were capable of achieving significant degradation rates. Furthermore, inoculation with P. chrysosporium in a soil composting system was ineffective at enhancing the removal of benzo[a]pyrene [119].



Actually, several biotic and abiotic barriers have been documented to be behind the failure of bioaugemtation, mainly during field application of this mechanisms [51,120,121,122]. Biotic factors, including competition between indigenous and exogenous microorganisms for nutrients and the biodiversity of indigenous microorganisms, could act as a barrier to the invasion of exogenous microorganisms, in addition to antagonistic interactions and predation by protozoa and bacteriophages. Abiotic factors include all the physicochemical properties of pollutants and soils, such as pH, contaminant concentration, soil type, temperature, humidity aeration, nutrient content, and redox potential.





5. Bioavailability of PAHs


In some cases, when optimal conditions for microbial degradation are provided but low or even no degradation take place, the bioavailability of the pollutant would be the most probable reason for disabling the process from proceeding forward. Actually, the bioavailability of PAHs is directly linked to the intrinsic relationship between physicochemical and microbiological factors within the composting matrix. In particular, this factor determines the fraction of the chemical compound in the soil that can be utilized or transformed by living microorganisms [68,123,124,125,126].



Bioremediation is governed by PAH sorption onto the soil matrix in such a way that gradual sorption diminishes the possibility of desorption, and thus the PAH overstates its persistency within the soil organic matrix. This would explain the biphasic behavior of contaminants during bioremediation processes, which are associated with high removal rates in the initial phase, which is primarily limited by microbial degradation kinetics; in the second phase, though, the removal rate is low and generally limited by slow desorption. PAHs with low bioavailability are characterized with low desorption mainly in the second phase of bioremediation [127,128].



5.1. Factors Affecting PAH Bioavailability


PAHs are characterized by their high hydrophobicity, consequently increasing their affinity for being adsorbed into soil organic matter and ultimately being less available for biological uptake. Different studies [70,71,72,129,130] have highlighted that the following factors have an essential role in determining the bioavailability of PAHs. First is contamination time (ageing): the irreversible sorption of PAH is exponentially proportional with contact time, thus decreasing the bioavailability of pollutants to microorganisms and therefore the rate and extent of biodegradation. For instance, the removal efficiency of anthracene from freshly- and age-spiked agricultural soil was investigated. The results revealed that 72% of anthracene was removed in freshly-spiked soil, while only 34% was degraded in aged soil [131]. Nevertheless, it is worth mentioning that recently contaminated soil would exhibit toxicity to or even inhibit indigenous microorganisms until they adapted to the new environment [132,133]. The second factor for determining the bioavailability of PAHs is their physicochemical properties: PAHs’ water solubility is considered a crucial factor regarding their bioavailability. It is inversely proportional with PAHs’ molecular weight, which in turn reduces their accessibility to microorganisms (Section 2.1). The last factor is the physicochemical properties of the soil: organic matter, particle size, and shape have a major influence on PAHs’ bioavailability. Mineral surfaces (i.e., clays) and organic matter of the soil matrix are characterized by their high affinity to adsorb PAHs.



The addition of organic co-substrates to the composting mixture is believed to enhance the bioavailability of PAHs, which consequently increases the biodegradation rate [25,50,71]. Kobayashi et al. [106] demonstrated that water-extractable organic matter (WEOM) from cow manure compost was observed to increase the apparent solubility of phenanthrene, pyrene, and benzo[a]pyrene to 8.4, 34, and 89 times higher than their measured water values, respectively, thus promoting their solubility and biodegradation. Additionally, in a diesel-spiked soil, Wu et al. [66] showed that compost addition initially decreased PAH removal by up to 89% because of the decreased bioavailability resulting from strong sorption. However, as time increased, compost amendment enhanced PAH removal by more than two-fold compared with unamended soil, to which 30% was contributed by desorption and 70% by degradation. In coal tar- and coal ash-contaminated soils, compost addition was beneficial overall for enhancing PAH removal up to 94%, and 40% of the total loss was due to the enhanced desorption [66].



The stability of the used co-substrates plays a major role in stimulating bioavailability and biodegradation of PAHS (as discussed in Section 4.3). This type of substrates was found to have more humic matter [71]. In this context, humic matter was able to increase the microbial activities much more than those developed in humin (aged organic matter), demonstrating that humin is able to sequester organic contaminants in a stronger way [70]. An important observation is that the bioavailability of the more readily degradable or LMW PAHs was decreased due to competitive inhibition of the enzymes, which is associated with biodegradation when the enzymes present in a multiple-PAH mixture. However, the bioavailability of those usually more recalcitrant PAHs (HMW PAHs) was increased by producing inducible enzymes for catabolism [134].




5.2. Surfactant


As mentioned in the previous sections, some of PAHs are characterized by their high hydrophobicity as well as low solubility, as they have the ability to be strongly adhere to soil particles and be slowly released into the water phase [135]. Among the different alternatives to overcome the problems of low bioavailability during bioremediation of PAHs is the application of surfactants. The functionality of these additives basically depends on reducing interfacial surface tension, and thus increasing their solubility [30,33,34,136,137]. The efficiency of these surfactants is influenced by many factors, including surfactant type and concentration, PAH hydrophobicity, temperature, pH, salinity, dissolved organic matter, and microbial community. An imperative and crucial element for effective PAH remediation is the selection of the optimum ratio of mixed surfactants to avoid the inhibition of microbial activities [33,34,137]. Nowadays, various groups of surfactants are available, and each one is being used under certain conditions to be compatible with the available environment. Furthermore, biosurfactants that are produced by microorganisms are receiving more favor, as they considered more environmentally friendly [33,138]. Interestingly, Both Tween-80 and rhamnolipid were found to improve the bioremediation fluoranthene [139]; however, it should be considered that the application of surfactants may not always lead to enhanced PAH biodegradation or removal. In fact, if the surfactant is preferentially used as an easier carbon substrate than PAHs for soil microorganisms, it may actually inhibit PAH biodegradation. Selection of surfactant types is therefore crucial for the effectiveness of surfactant-aided bioremediation of PAH-contaminated soils [140].





6. PAH Biodegradation Pathway


As illustrated in the literature, a wide spectrum of microorganisms has been classified, and these microorganisms are known for their high potential in degrading PAHs. These microorganisms include, but not limited to, bacteria, fungus, actinomycetes, protozoa, and algae [69,87]. Actually, the biodegradation of PAHs has the possibility of being undertaken either under aerobic or anaerobic conditions. However, aerobic conditions are more preferable, due to their documented efficiency [141]. As a result, composting as an aerobic technique has received more attention for treatment for such types of pollution [25,78,79,123,132,141].



Fortunately, it has been documented that a wide variety of bacterial cultures have the potential to biodegrade LMW PAHs directly, using them as the sole carbon and energy source [142,143,144,145]. Otherwise, PAHs (like HMW PAHs) have to proceed through the accumulation of these compounds in the body of microorganisms, and then be decomposed through sequential steps and multiple routes (Figure 2) into a bioavailable form that could be metabolized by microorganisms [123,141,146,147]. Hydroxylation of the aromatic ring via a di- or monooxygenase enzymes or dehydrogenase is the first step in the degradation process, with the formation of a cis-dihydrodiol, which gets rearomatized to a diol intermediate by the action of a dehydrogenase. These diol intermediates may then be cleaved by intradiol or extradiol ring-cleaving dioxygenases through either an ortho-cleavage or meta-cleavage pathway, leading to intermediates such as catechols and protocatechol acid that are ultimately converted to tricarboxylic acid cycle intermediates, which could be considered as the end of the biodegradation [123,144,146,147,148,149]. Bacteria can also degrade PAHs via the cytochrome P450-mediated pathway, with the production of trans-dihydrodiols.



It should be noted that HMW PAH degradation pathways still need more investigation, as few bacterial isolates were found to be capable of degrading them. Also, their biodegradation in some cases is complicated and passes through different routes, or even proceeds via co-metabolism, like that of benzo[a]pyrene [150,151,152].



Fungal enzymatic activity also has a key role in the biodegradation of PAHs. Lignolytic and non-lignolytic fungi have the capability of oxidizing PAHs utilizing cytochrome P-450 monooxygenase and a lignin-degrading enzyme system for oxidizing aromatic rings. Usually, an oxygen atom is incorporated into the aromatic nucleus, whereas the remaining atom is reduced to water to yield cis-transdihydrodiols. The formed arene oxide, though non-enzymatic, can undergo some rearrangement to form a phenol, which can be further conjugated with glucose, xylose, gluconeric acid, and sulfate. On the other hand, ligninolytic fungi, which are usually known as white rot fungi, have been characterized by their capability to degrade PAHs through ligninolytic and non-ligninolytic culture conditions. Ligninolytic enzymes oxidizes the PAH ring by producing hydroxyl free radicals by the donation of one electron; consequently, PAH–quinones and acids are formed instead of dihydrodiols. [123,153,154,155]. Extracellular enzymes of white rot fungi, which include laccase, LiP, and MnP, have a key role in the degradation of PAHs [153,156,157,158,159].




7. Conclusions


The main conclusion of this review is that the use of compost and composting in several strategies significantly improves the removal of PAHs in contaminated soils. However, this strategy should be well studied and tested. For instance, future studies are required on compost stability, as it is an important parameter for considering the removal of PAHs. Composting also needs to be optimized to improve PAH removal. This could include, for instance, the use of some additives like surfactants, which can be of help for the desorption and further removal of PAHs. Furthermore, more investigations are still needed regarding the biodegradation of PAHs combined with other hydrocarbons in mixtures, biodegradation HMW PAHs, and the microbial interactions within PAH-degrading consortia. In summary, composting and compost opens a wide number of strategies to improve the bioremediation of PAH-contaminated soils. However, it is important to define this strategy and to test its efficiency before full-scale application.
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Figure 1. Structure and chemical formula of the 16 polycyclic aromatic hydrocarbons (PAHs) listed as priority pollutants by the United States Environmental Protection Agency (USEPA). 
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Figure 2. Bacterial and fungal biodegradation pathways of PAHs. 
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Table 1. Selected properties of the 16 USEPA PAHs.
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	PAH
	Number

of Rings
	Molecular

Weight
	Aqueous

Solubility (mg/L)
	Vapor

Pressure. (Pa)
	Log

Kow





	Naphthalene
	2
	128
	31
	1.0 × 102
	3.37



	Acenaphthylene
	3
	152
	16
	0.9
	4.00



	Acenaphthene
	3
	154
	3.8
	0.3
	3.92



	Flourene
	3
	166
	1.9
	9.0 × 10−2
	4.18



	Phenanthrene
	3
	178
	1.1
	2.0 × 10−2
	4.57



	Anthracene
	3
	178
	0.045
	1.0 × 10−3
	4.54



	Pyrene
	4
	202
	0.13
	6.0 × 10−4
	5.18



	Flouranthene
	4
	202
	0.26
	1.2 × 10−3
	5.22



	Benzo(a)anthracene
	4
	228
	0.011
	2.8 × 10−5
	5.91



	Chrysene
	4
	228
	0.006
	5.7 × 10−7
	5.91



	Benzo(b)

flouranthene
	5
	252
	0.0015
	-
	5.80



	Benzo(k)

flouranthene
	5
	252
	0.0008
	5.2 × 10−8
	6.00



	Benzo(a)pyrene
	5
	252
	0.0038
	7.0 × 10−7
	5.91



	Dibenzo(a,h)

anthracene
	5
	278
	0.0006
	3.7 × 10−10
	6.75



	Indeno(1,2,3-cd)pyrene
	6
	276
	0.00019
	-
	6.50



	Benzo(ghi)perylene
	6
	276
	0.00026
	1.4 × 10−8
	6.50







* Kow: octanol–water partition.
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