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1. Introduction   

 

Sewage sludge is an organic waste material that, when appropriately processed, can serve as a 

cost-effective nutrient source, potentially replacing agricultural fertilizers. It is derived as a by-

product of wastewater treatment, and its composition can vary considerably based on the source 

of the incoming wastewater to the treatment plant (Poluszyńska et al., 2017). The utilization of 

sewage sludge as a soil amendment not only enriches the soil with beneficial nutrients but also 

improves its overall quality. By incorporating sewage sludge into the soil, the structure can be 

enhanced, leading to improved stability and aggregation. This, in turn, can increase the soil's ability 

to retain water, allowing to  better infiltration and reducing the likelihood of erosion (Chen et al., 

2014; Lucid et al., 2014; Deselnicu et al., 2018).  

One of the major challenges associated with the utilization of sewage sludge in agriculture is the 

presence of persistent organic pollutants (POPs), pharmaceuticals and personal care products 

(PCPs), per- and polyfluoroalkyl substances (PFAS), flame retardants, microplastics and 

surfactants. Municipal and industrial wastewater undergoes treatment processes to remove and 

eliminate undesirable and toxic compounds, which are produced as a result of the accumulation of 

pollutants from municipal and industrial activities (Tomasi Morgano et al., 2018). When sewage 

sludge is treated and subsequently disposed in the soil, it can introduce various contaminants into 

the environment. Another significant pathway of these contaminants to the soil is through 

irrigation with reclaimed wastewater (Wu et al., 2021; Kodešová et al., 2024). Reclaimed 

wastewater, which is often used for irrigation purposes, can contain traces of these compounds that 

find their way into the soil during the watering process. Additionally, the application of manure 

and compost can also contribute to contaminants accumulation in the soil (Kinney et al., 2008).  
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POPs and PCPs encompass a broad spectrum of compounds. POPs include polychlorinated 

biphenyls (PCBs), organochlorine pesticides (OCPs) like dichlorodiphenyltrichloroethane (DDT), 

flame retardants (Polybrominated Diphenyl Ethers (PBDEs)), and polycyclic aromatic 

hydrocarbons (PAHs). PCPs encompasses fragrance compounds (including synthetic musk 

compounds (SMCs) and other fragrance compounds), preservatives (parabens, phenoxyethanol), 

UV filters, and antibacterial (triclosan, triclocarban) (Akhtar et al., 2021; Khalid and Abdollahi, 

2021). The current study chose to focus on SMCs and PAHs among various contaminants due to 

their higher concentration in our sewage sludge samples and the significant environmental toxicity 

they present. These contaminants have garnered considerable attention in diverse environmental 

samples analyzed by researchers, primarily due to their prevalence and unique attributes. Their 

semi-volatile nature and physicochemical characteristics contribute to their mobility in the 

environment. Moreover, their inherent toxic properties, persistence, and potential for 

bioaccumulation underscore the necessity for comprehensive investigation. Therefore, SMCs and 

PAHs emerge as pivotal subjects for study, given their substantial impact on ecosystems and 

human health (Wong et al., 2019; Abdel-Shafy and Mansour, 2016).  

Polycyclic aromatic hydrocarbons (PAHs) are a class of aromatic compounds characterized by 

two or more fused benzene rings. They could be produced through the thermal decomposition and 

subsequent recombination of organic molecules formed during the incomplete combustion of 

organic matter. These hazardous organic pollutants with higher stability, complex structure with 

high molecular weight can be found in sewage sludge and reclaimed wastewater (Table 1), where 

they readily adsorb onto the sludge during the wastewater treatment process (Suciu et al., 2015; 

Lv et al., 2024). The degradation of PAHs can occur through various mechanisms such as 

adsorption, volatilization, photolysis, chemical degradation, phytoremediation and microbial 
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degradation. The extent of PAH degradation depends on environmental conditions, the types and 

numbers of microorganisms present, as well as the nature and chemical structure of the specific 

PAH compound being degraded  (Ward et al., 2003; Haritash and Kaushik, 2009; Kanungo et al., 

2023).  

As previously mentioned, among personal care products, SMCs emerge as the most prevalent 

compounds. These can be categorized into two groups: polycyclic musk compounds (PMCs) and 

nitro musk compounds (NMCs). However NMCs are present in lower concentration than PMCs 

as their production were decreased significantly due to concerns about their adverse effects on both 

human health and the environment). NMs have similar physical–chemical properties to persistent 

organic pollutants such as organochlorine pesticides and polychlorinated biphenyls (Wong et al., 

2019). For example, the octanol–water partition coefficients (Log K ow) of musk ketone (MK) and 

musk ambrette (MA) are 4.3 and 3.7, respectively (Table 2). Synthetic musk compounds possess 

physio-chemical properties that make them environmentally persistent, bioaccumulative, and 

potential hormone disruptors (Pedersen et al., 2005). 
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Table 1: Basic characteristic of priority polycyclic aromatic hydrocarbons  

Compound 

Structure Molecular 

formula 

Molecular 

weight 

(g/mol) 

Log  

K ow 

Water 

Solubility 

(μg/L)  

Vapour 

pressure 

Boiling 

point (◦C) 

Naphthalene  
C10H8 128.1 3.29 31.7 2.97 80.26 

Acenaphthene 
 

C12H8 154.2 3.98 1.93 3.66 95 

Acenaphthylene 
 

C12H8 152.2 4.07 3.93 1.4 
265-275 

Fluorene  
C13H10 166.2 4.18 1.68–1.98 3.86 295 

Anthracene  C14H10 178.2 4.45 76 4.15 218 

Phenanthrene 
 

C14H10 
178.2 4.45 1.2 4.15 

100 

Fluoranthene 
 

C16H10 
202.26 4.9 200–260 4.58 

375 

Pyrene 
 

C16H10 
202.3 4.88 77 4.58 

156 

Benz[a]anthrace

ne  

C20H12 
228.2 5.61 10 5.3 

158 

Chrysene 
 

C18H12 228.3 5.9 2.8 5.3 
254 

Benzo[a]pyrene 
 

C20H12 252.3 6.06 2.3 5.74 
179 

Benzo[b]fluorant

hene  
C20H12 

252.3 6.04 1.2 5.74 
168.3 

Benzo[k]fluorant

hene  
C20H12 

252.3 6.06 0.76 5.74 
215.7 

Indeno[1,2,3-

cd]pyrene  
C22H12 

276.3 6.58 62 6.2 
530 

Benzo[ghi]peryl

ene 
 

C22H12 
276.3 6.5 0.26 6.2 

550 

Dibenz[a,h]anthr

acene  

C22H14 
278.4 6.84 0.5 6.52 

- 

(Patel et al., 2020) 
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Table 2: Basic characteristic of selected synthetic musk compounds   

Compound  Structure 
Molecular 

formula 

Molecular 

weight 

(g/mol) 

Log 

Kow 

water 

solubility 

(Mg/L) 

vapor 

pressure 

(Pa) 

Boiling 

point (◦C at 

760 mmHg) 

Cashmeran 

(DPMI) 

 

C14H22O 206 4.9 - - 286.1 

Celestolide 

(ADBI) 

 

C17H24O 244 6.6 0.22 0.0192 309.1 

Phantolide 

(AHMI) 

 

C17H24O 244.4 6.7 0.25 0.0196 336.6 

Musk 

ambrette 

(MA) 

 

 

C12H16N2

O5 
268.3 3.7 - - 369.3 

Traseolide 

(ATII) 

  
C18H26O 258 6.3 0.09 0.0091 350 

Galaxolide 

(HHCB) 

  
C18H26O 258.4 5.9 1.75 0.0707 326.3 

Tonalide 

(AHTN) 

  
C18H26O 258.4 5.7 1.25 0.0608 356.8 

Musk ketone 

(MK) 

   C14H18N2

O5 
294.3 4.3 - - 369 

(Osemwengie and Steinberg, 2001; Aguirre et al., 2014) 

Kow is n-Octanol/Water Partition Coefficient. Log Kow is useful for predicting the distribution 

of compound in the environment, that compounds with Log Kow 4.5 have higher bioaccumulation 

rates. Water solubility refers to the ability of a compound to dissolve in water. High water solubility 

often facilitates the dispersion and bioavailability of compounds. Vapor pressure is a measure of 

the tendency of a compound to evaporate or transition from the liquid (or solid) phase to the gas 

phase. It indicates how volatile a substance is and is influenced by temperature and the nature of 

the compound. The boiling point of a substance is the temperature at which its vapor pressure 

equals the external atmospheric pressure, causing it to transition from the liquid phase to the gas 

phase.  
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2. Literature review  

2.1. Sewage sludge and its properties  

Sewage sludge is a waste-product from wastewater treatment, a process designed to lessen 

risks to health and the environment. It is a nutrient-rich organic material (Bagheri et al., 2023). 

Sewage sludge has potential fertilizer properties and can be used to enrich agricultural soils 

due to high nitrogen, phosphorus and organic matter content. It contains microorganisms with 

the ability to degrade contaminants and provide valuable nutrients (Kinney et al., 2008). 

According to Lixandru (2005), one tone of dry sludge contains on average 200 kg of organic 

matter, 6 kg of N, 8 kg of P and 10 kg of different soluble salts. Due to the nutrient content and 

effective organic mass input, large amounts of sewage sludge can be used with potential 

positive effects on productivity and one of the most pressing issues is being solved: removing 

sewage sludge from waste water treatment plants in order to avoid incineration, high-cost 

processes and further pollution (Iticescu et al., 2018). In the  2017, 45 million tons of dry 

sewage sludge (MtDM) production was reported on a global scale ( Gao et al., 2020). In the 

same year, 192,000 tonnes of SS DM were produced in the Czech Republic (Jadlovec et al., 

2023). Total production of 11 million tons DM of sludge is reported in all Europe (EU-27), 

about 1 million tons dry matter (DM) of sludge are produced every year by French WWTPs, 

while Germany and UK produce 2.2 and 1.8 million tons, respectively (Kelessidis and 

Stasinakis, 2012).  

Sewage sludge contains a large set of organic and inorganic contaminants including POPs 

and PCPs, that are water soluble, chemically or biologically sorbed (Phillips et al., 2012; 

Heidler and Halden, 2008). According to Inglezakis et al. (2014), concentrations of all 

pollutants in sewage sludge are affected mainly by the quality of the incoming wastewater, 
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type of treatment, and in some cases by meteorological conditions and of course they vary 

among WWTPs located in several parts of the world (Xia et al., 2005). For several years, the 

contamination of sludges by micropollutants has been documented. This contamination is 

attributed to the sorption of pollutants during sewage sludge treatments, primarily due to their 

hydrophobic characteristics or their tendency to be adsorbed onto particles (Mailler et al., 

2014).  

2.2. Sources and content of Polycyclic aromatic hydrocarbons and Synthetic 

musk compounds in the sewage sludge 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants either as 

natural component (i.e., as products of humus conversion by microorganism) or as pollutants 

(Sharma et al., 2007). PAHs in the environment originate from both natural and anthropogenic 

sources. Natural sources include activities such as seepage of petroleum, natural losses, coal 

deposits, and open burning of fossil fuels. On the other hand, anthropogenic sources involve human 

activities such as coal gasification, residential heating, liquefying plants, asphalt production, coal-

tar pitch, carbon black production, petroleum refineries, and vehicle exhaust. PAHs are organic 

compounds that are mostly colorless, white, or pale-yellow solids (Thacharodi et al., 2023). PAHs, 

due to their complex aromatic structures, are difficult to treat completely and can accumulate in 

the sewage sludge, potentially impacting sewage treatment system operation (Jin et al., 2024). 

PAHs tend to accumulate in the sludge of wastewater treatment plants, effectively transforming 

the sludge into a repository for these substances, sequestering them from the water phase. The 

accumulation of PAHs in the sludge raises concerns regarding potential environmental 

contamination if the sludge is not properly handled or discarded. Therefore, it becomes crucial to 
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implement appropriate measures for the safe handling and disposal of the PAH-laden sludge to 

prevent any potential risks to ecosystems and human health (Amir et al., 2005). 

 Sun et al. (2019) investigated 75 sludge samples from different wastewater treatment plants 

in 23 cities across China. The investigation was aimed to measure the concentration of PAHs in 

the sludge samples, resulted with high concentrations of ∑16PAHs in sludge samples ranged from 

0.56−230 mg/kg dw. Similarly, Poluszyńska et al. (2017) reported higher concentration of the ∑16 

PAHs in raw sewage sludge ranging from 0.5  to 100.7 mg/kg dw. Another study by Ozcan et al. 

(2013) reported the concentration of PAHs lower than previous studies form two WWTPs in 

Turkey, ΣPAHs concentration ranging from 0.96 to 17.5 mg/kg dw. Several PAHs, such as 

naphthalene, acenaphthene, phenanthrene, and fluorene, are frequently found in the effluent from 

the municipal WWTPs (Katsou et al., 2015). Suciu et al. (2015) reported that countries set a 

limitation of priority PAHs concentration in the sewage sludge to use in agriculture. In this regard, 

Luxemburg, Czech Republic, Austria, Romania, and Sweden were set limits with concentration of 

20, 10, 6, 5, 3 mg/kg dw of SS, respectively. Edokpayi et al. (2016) determines the PAHs in the 

effluents from wastewater treatment facilities that are considered as major anthropogenic 

contributions, resulted with the range of 13.2–26.4 mg/L. Another study by Liu et al. (2021) 

detected the total concentrations of PAHs, Cl-PAHs, Br-PAHs and O-PAHs ranged from 9–88.4, 

n.d.–5.7, n.d.–13.1 and 15.5–106.9 ng/L, respectively, in the effluents from wastewater treatment 

plants.  

Synthetic musk compounds were mainly categorized into two groups, namely polycyclic musk 

compounds and nitro musk compounds. SMCs encompass a diverse range of chemical compounds 

intended to cleanse, hydrate, and rejuvenate the human body, thus becoming integral to our daily 

regimens (Saravanan et al., 2024). SMCs are high production volume substances, which are widely 
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used in everyday consumer products. Some have similar physical–chemical properties to persistent 

organic pollutants (Wong et al., 2019). The use and production of polycyclic musk compounds 

increased rapidly, especially the production volume of galaxolide in the United States (US) 

approximately one million kg/year in 2011 to 4 million kg/year during 2012–2015. However, the 

production of nitro musk compounds has been declining in Europe and the US markets (Wong et 

al., 2019). There were different sludge treatment technologies used in different countries to remove 

contaminants form the incoming waste to treatment plants.  

The concentrations of personal care products were higher in the untreated raw sludge compared 

to treated sludge. In the primary sludge Ternes et al. (2004) found galaxolide and tonalide with the 

concentration of 187 mg/kg dw and 183 mg/kg dw, respectively. The fact that in the primary sludge 

treatment, there is fewer microorganisms and the sludge has higher lipid proportion and the 

concentration in secondary sludge is lower with a value of 131 and 10.2 mg/kg dw for galaxolide 

and tonalide, respectively (Verlicchi and Zambello, 2015). Sun et al. (2014) reported the contents 

of synthetic musk compounds from sludge samples at 40 WWTPs in the USA. Galaxolide and 

tonalide were found with higher concentration than Czech Republic ranging from 4.1 to 91 mg/kg 

dw and 0.65 to 15 mg/kg dw, respectively.  According to Smyth et al. (2007), the concentrations 

of synthetic musk compounds in sewage sludge vary depending on the treatment methods 

employed in wastewater treatment plants. The study examined the impact of aerobic and anaerobic 

digestion of sewage sludge on the degradation of synthetic musk compounds. In the case of aerobic 

digestion, lower concentrations of musk compounds such as celestolide, phantolide, traseolide, 

galaxolide, tonalide, musk xylene, and musk ketone were observed, with values of 100, 79.6, 681, 

12,000, 3,550, 64.6, and 115 μg/kg dw, respectively. In anaerobic digestion, the concentrations 

were slightly higher, measuring 209, 182, 1,400, 28,400, 8,020, 78.2, and 116 μg/kg dw for the 
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same compounds, respectively. The concentrations of galaxolide and tonalide in reclaimed 

wastewater effluents varied from 157 to 3,730 ng/L and 42 to 807 ng/L, respectively in USA and 

Europe (Reiner et al., 2007). Lv et al. (2010) showed in their study, the concentrations of synthetic 

musk compounds in the input wastewater were higher than leaving as effluent.  It’s noted that nitro 

musks has a better elimination tendency in the WWTPs. In a study by Sun et al. (2014), the 

presence of galaxolide and tonalide in WWTPs effluents in the United States was investigated. 

The concentrations of galaxolide ranged from 0.45 to 4.79 μg/L, while tonalide concentrations 

varied from <0.05 μg/L (LOQ – limit of quantification) to 0.44 μg/L.  

2.3. Occurrence of persistent organic pollutants and personal care 

products in the soil  

2.3.1. Irrigation by reclaimed wastewater  
 

 

According to Haddaoui et al. (2016), reported ΣPAHs in the soil from wastewater irrigated field 

in which the concentration of PAHs were increased after 5 months of irrigation to 365.2 μg/kg dw 

at 0–10 cm depth from the initial concentration of 120.0 μg/ kg dw. However, according to Zhang 

et al. (2017), the total concentration of 16 PAHs in soils irrigated with wastewater ranged from 

103.3 to 479.3 μg/kg dw, which was relatively similar values with the control soil irrigated with 

groundwater, where the values ranged from 140.5 to 418.3 μg/kg dw. Among these, the four most 

dominant PAHs were naphthalene (110.2 μg/kg dw), phenanthrene (30.7 μg/kg dw), fluorene (14.6 

μg/kg dw), and benzo(b) fluorathene (25.1 μg/kg dw). Soils irrigated with wastewater ranged from 

1,503 to 3,369 μg/kg dw, which was significantly higher than the control soil containing 1,304 

μg/kg dw. At a different site, the control soil initially had 2,687 μg/kg dw of ∑16 PAHs. However, 

after irrigating with wastewater, the PAH concentrations increased to a range of 2,954 to 6,892 

μg/kg dw.  
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Irrigation with reclaimed wastewater plays a crucial role in reducing the demand for fresh 

water and facilitating the recycling of nitrogen, phosphorus, and other nutrients present in the 

reclaimed water. Soils irrigated with reclaimed wastewater showed higher concentrations of 

tonalide (6.2 µg/kg dw) compared to galaxolide (2.0 µg/kg dw). However, other synthetic musk 

compounds, namely cashmeran, celastolide, and phantolide, were detected in trace concentrations, 

with values of 0.7, 1.2, and 1.6 μg/kg dw, respectively (Chase et al., 2012). To reduce the risk 

associated with irrigation of reclaimed water, Qadir et al. (2015) suggested some strategies such 

as primary and secondary treatments and aerobic and anaerobic digestion of wastewater to a 

desired effluent quality, on-farm wastewater treatment options and farm-based measures to reduce 

risks in areas irrigated by untreated or partially treated wastewater.  

2.3.2. Sewage sludge application 

Several studies have examined the accumulation of PAHs in agricultural soil following the 

application of sewage sludge. The impact of sewage sludge on soil PAHs content indicates that 

depending on the PAHs content in the sludge and the initial PAHs level in the soil, the addition of 

sewage sludge can lead to a significant increase in soil PAH content. Pulkrabová et al. (2019) 

studied the long-term effects of sewage sludge application on agricultural soils, they showed the 

presence of PAHs with concentrations ranging from 54.1 to 1443 μg/kg dw in the soil samples.  

According to Tomczyk et al. (2020), the addition of sewage sludge from various WWTPs to 

control soil led to an increase in the content of Σ16 PAHs, ranging from 32% to 94%. The initial 

PAH concentration in the control soil was measured at 216 μg/kg dw.  

Additionally, the concentration of PAHs in agricultural soil after five years of repeated sludge 

application was investigated. The content of 16 PAHs was found to be higher in the amended soil, 

with values reaching up to 2.5 mg/kg dw compared to the non-amended soil, which had a 

concentration of 1.7 mg/kg dw (Liu et al., 2017). Cai et al. (2008) conducted a pot experiment by 
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applying sludge with different rates of 10, 20 and 40 g/kg dw to the soil. After a period of 64 days, 

the soil samples were collected and analysed, resulting with 53 to 304 μg/kg dw of total PAHs 

concentration, which were significantly higher than the control soil, which had PAHs 

concentration only 8 μg/kg dw. 

The accumulation of personal care products in the soil can stem from various sources. Among 

these, the disposal of treated sewage sludge has been identified as a significant pathway for 

contaminants, as noted by Chase et al. (2012). The concentration of compounds in the soil 

following sludge application can be influenced by several factors, such as the rate of sludge 

application, the biochemical properties of the soil, and the specific compounds present (Jones et 

al., 2014; Verlicchi and Zambello, 2015).  

Studies have reported that synthetic musk compounds in the soil amended with biosolids can 

be detected in relatively high concentrations. Kinney et al. (2008) reported the concentration of 

galaxolide and tonalide in the biosolid amended soils within the range of 1,050−2,770, to 287−773 

µg/kg dw, respectively. Ramos et al. (2021a) also observed the content of synthetic musk 

compounds in sewage sludge amended soils within the range from 1 to 341 μg/kg dw. Galaxolide 

and tonalide were found in concentrations 341 and 88 μg/kg dw, respectively. However, other 

polycyclic musk compounds such as DMBI (cashmeran), ADBI (celestolide), AHMI (phantolide) 

and ATII (traseolide) were detected in lower concentrations and ranged from 1.0 to 2.3 μg/kg dw. 

All nitro musk compounds are not usually detected in sewage sludge amended soil.  

A study conducted by Domínguez-Morueco et al. (2018) and Wong et al. (2019) examined the 

presence of all polycyclic and nitro musk compounds in different soil types, including industrial, 

urban areas, and agricultural soils. The concentrations of these compounds varied across the 

samples, with values ranging from 0.1 to 5.2 μg/kg dw, not detected to 2.9 μg/kg dw, and <0.1 to 
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7.2 μg/kg dw, respectively. However, when considering musk compounds such as galaxolide and 

tonalide in soils amended with biosolids, higher concentrations were observed. The concentrations 

of galaxolide ranged from 2.4 to 67.5 μg/kg dw, while tonalide concentrations ranged from 0.7 to 

29.0 μg/kg dw. 

  Repeated sewage sludge soil application showed an increase in the accumulation of 

synthetic musk compounds compared to one application. Chen et al. (2014) reported that the 

reason for this phenomenon may be that the pore structure of the soil changed due to these repeated 

applications developing a better adsorption capacity.  

2.4.  Assessment of the effects of SMCs and PAHs on soil, plant and human 

health   

Soil plays an important and irreplaceable role in the biosphere, controlling primary biomass 

productivity, organic matter degradation, and biogeochemical cycles. Although the soil has 

unreplaceable role in several economic and cultural activities (e.g. agriculture, forestry, 

horticulture) depending on its quality and health, is also a final sink of contaminants. Some 

emerging contaminants can persist and accumulate in the soil and soil biota, causing potentially 

harmful effects on ecosystem's health. Studies on the toxicity of contaminants proved that SMCs 

and PAHs could be toxic to terrestrial organisms (Balk and Ford, 1999; Chen et al., 2012; Nam et 

al. 2015), microorganisms in the soil (LüZe et al., 2017; Arruda et al., 2022; Panneerselvam et al., 

2022) and plants (An et al., 2009; Wang et al., 2013; Liu et al., 2020; Gawryluk et al., 2022).  

2.4.1. The effect of PAHs and SMCs on soil macro-organisms 

 PAHs in soil are generally not expected to have toxic effects on terrestrial invertebrates unless 

the soil is heavily contaminated. However, when exposure is significant, adverse effects on these 

organisms can include issues such as tumors, reproduction, development, and immunity (Abdel-
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Shafy and Mansour, 2016). Earthworms are common and important inhabitants of the soil 

environment. Their role in the soil is inevitable by decomposing organic matter, in 

biomagnification in food chain and known to accumulate large amounts of inorganic and organic 

contaminants. The application of biosolids on the land can have an impact on the living organisms, 

the environment, and the quality of food or feedstuff. Even if earthworms are found in low trophic 

level, they could facilitate the contaminants to higher trophic level by eating soil particles. They 

are known to be consumed by many bird species, which representing up to 90 % by weight of diet 

of some other species (Kinney et al., 2008). Nam et al. (2015) conducted an acute toxicity test on 

the earthworm Eisenia fetida using several PAHs, including fluorene, anthracene, phenanthrene, 

fluoranthene, and pyrene. Among the tested PAHs, only two, fluorene and phenanthrene, exhibited 

toxicity. The LC50 (median lethal concentration) and LC95 (lethal concentration for 95%) values 

for fluorene after 72 hours of exposure were 394.1 μg/L and 789.7 μg/L, respectively. For 

phenanthrene, the corresponding LC50 and LC95 values after 72 hours of exposure were 114.0 μg/L 

and 176.1 μg/L, respectively. 

To perform the risk assessment of SMCs for soil organisms, Homem et al. (2017), found that 

PNEC (Predicted No Effect Concentration) of tonalide, galaxolide and musk ketone were 

PNECTonalide = PNECGalaxolide = 71.0  μg/kg dw, and PNECmusk ketone = 320  μg/kg dw in the 

sediments and soil. The HQmean (hazard quote) were 0.037 and 0.032 for galaxolide and tonalide 

(Homem et al., 2017). Based on these values, Zheng et al. (2019) reported the HQsum for galaxolide 

and tonalide was less than 0.1 of  farm land soil samples, which means the concentration of SMCs 

could pose a low risk to soil organisms.  

The study on Eisenia fetida and Achatina fulica shows that galaxolide caused the toxicity effect 

in both soil organisms. The non-observed effect concentration (NOEC) values for cocoon 
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production and the number of juveniles of Eisenia fetida were 9000 μg/kg dw and 6000 μg/kg dw, 

respectively. 

2.4.2. The effect of PAHs and SMCs on soil microorganisms  

Soil microorganisms play an essential role in degradation processes and biogeochemical cycles 

in soil. They decompose organic matter, recycle  nutrients, and  develop  healthy soil structure (Ho 

and Chambers, 2019).  

Panneerselvam et al. (2022) reported that PAHs disrupt the development, morphology, and 

metabolism of soil microorganisms, resulting in functional disturbances, protein denaturation, 

destruction of cell membrane integrity, and disruption of the soil's vital system and support of its 

biological productivity. The presence of high levels of PAHs in soil can adversely affect total 

bacterial and fungal species, microbial metabolic processes, and enzyme activities, leading to an 

impact on microbial community composition by putting pressure on sensitive soil microorganisms. 

Study by LüZe et al. (2017) investigated the joint effects of galaxolide and cadmium on soil 

microbial community, too. The results indicate that under contamination of galaxolide and the 

galaxolide-cadmium mixture, the ability of soil microorganisms to use carbon sources has 

improved and the utilization efficiency of esters was the highest, while sugars and acids have a 

lower utilization efficiency compared to 6 other types of carbon sources. The abundance of bacteria 

increased with increasing concentrations of galaxolide. However, the abundance of fungi and 

actinomycetes decreased with increasing concentrations of galaxolide. Actinomycetes were more 

sensitive to galaxolide than bacteria and fungi. Similarly, when galaxolide was added to sediment 

at 300 mg/kg dw, the bacterial community was not directly affected (i.e., structure, richness, and 

diversity) by this concentration (Peng et al., 2019). 

2.4.3. Bioaccumulation and toxicity to humans through food chain  
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Human exposure to PAHs is unavoidable in the current situation. PAH exposure occurs 

mainly via three routes, i.e., inhalation, ingestion, and dermal contact (Burchiel and Luster, 

2001).  For many people, the primary exposure of PAHs occurs at the workplace, e.g., workers in 

coke manufacturing factories and food processing industries, traffic police through inhalation of 

vehicle exhaust and road dust containing PAHs (Lee, 2010). 

The problems can be acute or chronic on human health, in which acute effect depends mainly 

on the extent of exposure (e.g., length of time), the concentration of PAHs during exposure, the 

toxicity of the PAHs, and the route of exposure. However, chronic effect can be identified by long 

term exposure to PAHs, food consumption, exposure via dermal contact could be some of the 

potential reason for long term health effect of PAHs on human being (Srogi, 2007; Diggs et al., 

2011).   

Many PAHs are mutagenic, carcinogenic, teratogenic, and immunotoxic to living organisms, 

including microorganisms, animals, and humans (Bolden et al., 2017). Extensive studies have 

demonstrated that PAHs can potentially exert negative impacts on various organisms due to their 

ability to bioaccumulate and their high mutagenic potential (Kleinteich et al., 2018). Inhalation 

exposure to PAHs, in particular, is associated with an increased risk of lung cancer, making it a 

critical health concern (Kim et al., 2013). Bolden et al. (2017) also reported different health 

problems to humans that arise form PAHs exposure like; non-cancer reproductive effects in both 

males and females, DNA damage in oocytes, reproductive disease, breast and ovarian damage.  

With improvements in living standards, it is expected that the global market demand for 

personal care products commodities will continue to grow. Large quantities of SMCs are 

continuously released into the environment during the production and use of these commodities 

(Liu et al., 2021; Tavera Busso et al., 2018). Through the food chain, synthetic musk compounds 
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have the potential to bioaccumulate, leading to an escalation in their detrimental impact on 

organisms (Luo et al., 2023). Synthetic musks have been reported to induce oxidative and genetic 

damage to organisms, and cause hepatotoxicity, enzymatic and reproductive toxicity to various 

creatures. SMCs, have been linked to neurotoxicity and potential carcinogenic effects in humans. 

The decline in production of musk ambrette is attributed to its ability to induce limb weakness, as 

well as central and peripheral demyelination (Pinkas et al., 2017; Parolini et al., 2015). 

Additionally, study by Ayuk-Takem et al. (2014) suggests that tonalide and galaxolide may inhibit 

polyisoprenylated methylated protein methyl esterase, potentially increasing the risk of 

degenerative disorders. 

2.4.4. Bioaccumulation and toxicity to plants  

One of the main failures in PAH remediation in soil using plant species was the negative impact 

on a germination and seedling growth (Gawryluk et al., 2022). According to their study, the 

germination energy was decreased for the grass species: tall fescue (Festuca arundinacea Schreb), 

red fescue (Festuca rubra L.), perennial ryegrass (Lolium perenne L.) and common meadow-grass 

(Poa pratensis L.) were decreased as the PAHs concentration increased. Similarly, the root and 

seedling height were decreased. Wei et al. (2014) examined the impact of phenanthrene on higher 

plants by investigating its effects on wheat seed germination and various physiological changes in 

seedlings. The findings revealed that phenanthrene hindered seed germination and influenced the 

growth and chlorophyll levels of wheat seedlings. Moreover, phenanthrene increased the levels of 

lipid peroxidation (LPO) and triggered H2O2 accumulation in leaf tissues in a dose-dependent 

manner, accompanied by alterations in the antioxidant status.   

Wheat (Triticum aestivum L.), one of the most important agricultural crops in the world, is 

frequently used as a model plant in ecotoxicological studies. Chen et al. (2010) have studied single 
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and joint effects of polycyclic musks and cadmium on seed germination and seedling growth of 

wheat (Triticum aestivum L.). The study revealed that galaxolide showed similar toxicity to wheat 

as tonalide did in terms of seed germination and seedling growth, with the sequence of effects 

being germination rate > shoot elongation > root elongation. This suggests that wheat root and 

shoot elongation could serve as reliable indicators of polycyclic musk contamination in soil. 

However, the elongation of wheat shoot was more susceptible to polycyclic musks than wheat root 

elongation. The study also reported that the EC10 of root elongation and shoot elongation of 

Triticum aestivum to galaxolide and tonalide exposure were 55.7 and 25.0 mg/kg dw, respectively. 

Tonalide could result in 50 % inhibition rates of wheat root and shoot elongation at concentrations 

of 2257 and 945 mg/kg dw. However, the concentration of galaxolide inducing 50 % inhibition of 

root growth was lower than that of tonalide. The EC10 (Effective concentration at 10%) values of 

galaxolide and tonalide were nearly two orders of magnitude lower than the EC50 (half maximal 

effective concentration) values, which were generally considered as the toxicity threshold. 

Another study reported that galaxolide and tonalide concentration did not appear to be toxic to 

wheat plants. Depending on the test parameters employed, the half maximal effective 

concentration (EC50) analyses showed that galaxolide and tonalide in the tested soils varied from 

85 to 2444 mg/kg dw and 187 to 4322 mg/kg dw, respectively (Wang et al., 2013).  

2.5. Bioremediation of PAHs and SMCs in the soil 

 

Different types of pollutants, which limit the soil fertility, impacting our world ecosystem. 

Among these pollutants, the presence of polycyclic aromatic hydrocarbons (PAHs) stands as a 

particularly enormous global concern due to their detrimental effects. Addressing PAHs pollution 

has become a crucial priority, prompting the implementation of diverse remediation strategies, 
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with bioremediation being one of the promising approaches used to restore the environment (Patel 

et al., 2020). 

Feng et al. (2019) reported the degradation of PAHs in the soil contaminated from 10, 25 and 

50 % of sludge and compost amendment. After 126 days of experiment, the highest removal rates 

of 16 PAHs were 53 % and 54.4 % at 50 % sludge amendment and 25 % compost amendment, 

respectively. Low molecular weight PAHs showed a better degradation from the soil than high 

molecular weight PAHs.  Tomczyk et al. (2020) reported a 35 % degradation of Σ16 PAHs in the 

soil. The highest reductions, ranging from 51 % to 54 %, were noted for PAHs with 2, 5, and 6 

rings. Among these, the most significantly degraded PAHs were those with 2 rings, owing to their 

high susceptibility to biological degradation. 

A study by Litz et al. (2007) indicated the dissipation of galaxolide and tonalide in the soil 

amended with sewage sludge. In 8 weeks of experiment there was no observed relevant 

degradation of musk compounds by microbial activity. However, after 32 weeks, 53 % of the 

substance dissipated in the Cambisol substrate, while 50 % dissipated in the Luvisol and 47 % in 

the gleyic Podzol after 37 weeks. The degradation occurred slowly with elimination rates after 37 

weeks of approx. 50 % and 25 % for galaxolide and tonalide, respectively. The results showed that 

tonalide is more persistent compared to galaxolide degradation. Based on this, half-life degradation 

was calculated for both compounds and resulted in 10-17 months for galaxolide, and 2-24 years 

for tonalide. Soil properties such as organic carbon play an important role to limit the 

bioavailability of chemicals and  reduce their biodegradability (Wu et al., 2015; Ghahari et al., 

2021).  

2.5.1. The role of microorganisms in the degradation of SMCs and PAHs  
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Microorganisms in the soil environment have been known to play a major role in the 

biodegradation of organic compounds. Soil bioremediation employs the use of microorganisms 

that are naturally occurring or introduced into the soil to degrade pollutants. This technology is 

attracting increasing attention as a less expensive and more environmentally friendly alternative 

(McErlean et al., 2006).  

In recent years, the practice of mycoremediation for PAHs has gained considerable attention, 

involving various fungal species. Thus, mycoremediation is a biological instrument for pollutant 

degradation, transformation, or immobilization in the environment. It has been discovered that 

fungi naturally have the ability and efficacy to breakdown PAHs. Unlike bacteria, not all fungi use 

PAHs as their sole carbon source. Instead, they engage in co-metabolism, breaking down PAHs 

while producing a diverse array of oxidized products, including CO2. This degradation process by 

fungi is facilitated by monooxygenase enzymes (Gupta and Pathak, 2020).  

Ligninolytic fungi, which can also to be more effective than some bacteria, because this fungi 

possess special enzymes (lignin peroxidase, manganese peroxidase, laccase) which have an 

important role in the initial attack towards PAHs with a high molecular weight present in the soil 

(Cristaldi et al., 2017). The level and the rate of biodegradation of PAHs by fungal enzymes 

depends on several factors: oxygen, accessibility of nutrients, pH, temperature, chemical structure 

of the compound, cell transport properties and chemical breakdown in the soil (Zafra and Cortés-

Espinosa, 2015). Fungal manganese peroxidases facilitate the co-oxidation of PAHs by utilizing 

enzyme-mediated lignin peroxidation. On the other hand, fungal lignin peroxidases directly 

oxidize several PAHs. Notably, white-rot fungi (WRF) were found to convert anthracene into 

anthraquinone during their metabolic processes (Ansari et al., 2023). WRF have been suggested 

as effective agents for promoting the biodegradation of PAHs, particularly those with high 
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molecular weights. In comparison to bacteria, certain white-rot fungi species demonstrate superior 

abilities in soil colonization and competition with the native microflora (Novotný et al., 2000). 

Many soil fungi showed the ability to thrive, develop, and reproduce while also possessing the 

capability to degrade PAHs. These fungi utilize specific enzymes, such as manganese peroxide, 

lipases, proteases, and dioxygenases, to break down the PAH compounds (Zafra et al., 2017).  

Wang et al. (2009) studied the degradation of three polycyclic aromatic hydrocarbons (PAHs) 

phenanthrene, pyrene, and benzo[a]pyrene in soils was investigated using Phanerochaete 

chrysosporium. The enzyme activities of lignin peroxidase and manganese peroxidase produced 

during the degradation process were analyzed. The findings revealed that the 19-day degradation 

was 72.8 % for phenanthrene, 51.2 % for pyrene and to 25.5 % for benzo[a]pyrene.   

In the presence of the fungus Aureobasidium pullulans (ATCC 66657) about 80 % of tonalide 

was removed within 3 weeks. A similar study reported the degradation of tonalide and galaxolide 

in the cultures of white rot fungus Phanerochaete chrysosporium in 6 and 3 days, respectively 

(Balk and Ford, 1999). Rodarte-Morales et al. (2011) studied the degradation potential ability of 

three terrestrial WRF strains on polycyclic musk compounds. The tested WRF were an anamorph 

species of Bjerkandera sp. R1, Bjerkandera adusta and Phanerochaete chrysosporium inoculated 

on malt extract plates containing musk compounds.  The results showed that celestolide, galaxolide 

and tonalide were not detected at the end of experiment. Suggesting that volatilization and 

indigenous microorganisms could also have a role in their removal since they were not found in 

the control treatments as well.  

2.5.2. Phytoremediation and plant accumulation of SMCs and PAHs 

 

 Plants usually take up SMCs through passive absorption of soil water through the epidermal 

layer of the root and  the cortex of root cells (Kinney and Heuvel, 2020). This pathway is 
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considered as the main way of the uptake (Hurtado et al., 2016). For both neutral and charged 

compounds, evapotranspiration was correlated with the uptake of organic chemicals into roots and 

leaves (Dodgen et al., 2015).  

Several authors  showed that  the increased soil organic matter can decrease the transfer of target 

compounds and increase the sorption capacity of the compounds, to decrease their bioavailability 

for plant uptake (Macherius et al., 2012). The uptake and translocation of synthetic musk 

compounds in tomato plants after 180 days of growth was assessed. Concentration of polycyclic 

musk compounds cashmeran, celestolide, phantolide, traseolide, and tonalide were ranged from 

not detected to 5 µg/kg dw in tomato fruits and grew up in compost amended soil. Galaxolide was 

found comparatively with a higher concentration of 68 µg/kg dw. Only musk ketone were found 

from nitro musk compounds with the concentration of 1.3 µg/kg dw in the tomato fruit samples 

(Ramos et al., 2021b). In some studies, tonalide was not detected in the above-ground parts of 

plants, whereas galaxolide was predominantly found. This could be due to the higher water 

solubility of galaxolide (with a solubility of 0.5 mg/L at 25 °C) compared to tonalide. The higher 

water solubility of galaxolide enables the compound to enter the plant vascular system more 

readily and, consequently, facilitates its translocation to other parts of plant. Additionally due 

slightly lower log Kow of galaxolide, it would not be easy to bind it to root lipids as tonalide 

(Fernandes et al., 2022).  

Synthetic musks were detected in wheat above ground biomass (cashmeran: 0.3 µg/kg dw, 

celestolide: 0.02–0.05 µg/kg dw, galaxolide: 3.7– 4.6 µg/kg dw, tonalide: 0.4–0.6 µg/kg dw, musk 

xylene: 0.1 µg/kg dw) and in sugar beet leaves (cashmeran: 0.1–0.2 µg/kg dw) (Fussell et al., 

2014). 
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Galaxolide was detected at concentrations of up to 346 µg/kg dw, while tonalide was detected 

at a concentration of up to 283 µg/kg dw in pea root samples in soils amended with biosolids at a 

rate of 30 t/ha. In the above ground peanut parts galaxolide was detected in all treatments up to 

10.5 µg/kg dw as well as detected in the seeds with a concentration up to 4.5 µg/kg dw. While in 

the other study by Calderón-Preciado et al. (2011), tonalide and galaxolide were detected in apple 

tree leaves with concentration of 0.04 and 0.057 μg/kg dw, respectively. Alfalfa accumulated 0.024 

and 33.8 μg/kg dw for tonalide, and galaxolide, respectively. The used irrigation water for both 

apple and alfalfa plants contained the compounds tonalide and galaxolide with concentration of 

0.15 and 0.31 μg/L, respectively. 

Tonalide and galaxolide were detected at concentrations of 0.9 and 0.5 µg/kg dw, respectively, 

in barley grain cultivated at soil amended with 60 t/ha of fresh sewage sludge (Rivier et al., 2019). 

In this study concentration of musks in the grain from sewage sludge amended soils was not 

significantly different from the non-amended control treatments. During a three-month 

experiment, the degradation of the polycyclic musk compounds galaxolide and tonalide ranged 

from 75 % to 93 % and 66 % to 83 %, respectively, in soil amended with 20 and 60 t/ha of biosolid, 

whether planted with barley or left as unplanted bare soil (Rivier et al., 2019).  

 Zhang et al. (2017) reported the concentration of all priority PAHs in the tissue of maize 

plant, except indeno[1,2,3-cd] pyrene and benzo[g,h,i]perylene. The 3-ring PAHs were dominant 

in the maize tissues with 71 % of total PAHs, others 2, 4, 5 and 6 rings of PAHs were found with 

percentage of 14.8 %, 12.2 %, 1.2 % and 0.4 %, respectively. Li and Ma (2016) investigated the 

concentration of PAHs in the wheat from sewage sludge amended soil at varying rates (5, 10, 20, 

and 40 t/ha/year), resulted in concentration increase of sum of 16 PAHs in both wheat roots and 

shoots. The values ranged from 166 to 700 µg/kg dw for roots and 110 to 260 µg/kg dw for shoots. 
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However, interestingly, the PAH contents in the grains (81.2–95.2 µg/kg dw) did not show any 

statistically significant differences among the different application rates. In a study conducted by 

Paraíba et al. (2010), the bioconcentration of 16 PAHs in plants was investigated, specifically in 

corn grains. The bioconcentration factor (BCF) of these PAHs in corn grains varied within a range 

of 1.57 to 10.97.  

2.5.3. Remediation of PAHs and SMCs by composting 

Composting municipal solid waste and sewage sludge provides an effective strategy for waste 

reduction in densely populated areas. The benefits of sewage sludge composting include, cost 

effective, reduces the volume of waste that would otherwise occupy landfill space, minimum 

maintenance, easy operation and converting waste into valuable products (Meng et al., 2019). 

According to Lü et al. (2021), it was found that a significant majority, approximately 82 %, of 

composting activities were carried out at the laboratory scale. In contrast, only a relatively small 

proportion, accounting for approximately 18 %, was conducted at the pilot or plant scale. This 

suggests that most of the composting research and experimentation has primarily taken place in 

controlled laboratory environments, while a smaller fraction has been implemented on a larger 

scale in pilot or plant settings. The treatment of sewage sludge is an essential step in all wastewater 

treatment plants. This process involves the use of microorganisms and can be performed in either 

open system heaps or specialized bioreactors. Its primary objectives are to reduce the volume and 

mass of raw materials also producing high-quality organic fertilizer (Poluszyńska et al., 2017). 

Moreover, the agronomic utilization of composted manure brings forth numerous benefits. 

Compost, which contains a wealth of organic matter and vital nutrients, can be introduced into the 

soil to augment its fertility and structure. This approach facilitates the recycling of ample nitrogen 

(N), phosphorus (P), potassium (K), and organic matter present in sewage sludge, achieved through 
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the application of composted sludge products to land (Lu et al., 2019a). The bioavailability of 

compounds and microorganisms are some of the factors that plays a role in the degradation of 

contaminants in the sewage sludge composting (Lu et al., 2019; Guo et al., 2020).  

Kinney et al. (2006) reported that the concentration of tonalide in composted sludge was 3,500 

µg/kg dw compared to 5,000 µg/kg dw in the dried sludge. Composting is becoming more 

important than the direct use of sewage sludge in Czech Republic and Slovakia in the agricultural 

land to reduce the negative effects of contaminants (Kelessidis and Stasinakis, 2012). Biel-Maeso 

et al. (2019) reported the removal of synthetic musk compounds during the sewage sludge 

composting, resulted with higher degradation of galaxolide, tonalide, traseolide, celestolide with 

the values of 97, 87, 98 and 100 %, respectively.  

 Poluszyńska et al. (2017) investigated the degradation of sum of ∑16 PAHs in the sludge 

composting with sawdust for 30 days, resulted with a significance reduction with average from 

26.07 to 4.01 mg/kg dw (84.6 %). From which two ring PAHs were removed 100 %, 3 rings (88 

%) and 6 aromatic rings in the molecule (86.9 %). Lu et al. (2019) also reported the degradation 

of sum of six PAHs (∑PAHs) after 39 days from different kinds of sludge composting namely 

acenaphthylene, fluorene, phenanthrene, anthracene, chrysene and benzo(k)fluoranthene was 58.7 

% in raw sludge, 58.5 % in chemical conditioned with polyacrylamide (PAM) sludge, 76.4 % in 

bioleached sludge, and 60.4 % in Fe[III]/CaO-conditioned sludge, respectively. Lü et al. (2021) 

reported after reviewed different studies that the removal of PAHs form sludge composting ranging 

from less than 50 % to even more than 90 %.  

Siebielska (2014) studied the removal of naphthalene and benzo(a)pyrene during the 

thermophilic phase of sludge composting with rate of 98.2 and 40 %, respectively. The results 

shows that higher molecular weight PAHs were decomposed with a slower rate than lower ring 
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PAHs. Oleszczuk (2009) reported PAH removal during sewage sludge composting significantly 

correlated with the PAH bioavailability. The fact that bioavailability of organic contaminants is 

the main factor determining their fate, toxicity and losses in the environment.  A study by Cai et 

al. (2007) focused on the removal of total polycyclic aromatic hydrocarbons (∑PAHs) from 

sewage sludge composting with straw, the findings indicated a significant reduction in ∑PAH 

levels. Over a period of 56 days of composting, the initial concentration of 28.6 mg/kg dw 

decreased to a range of 1.8−10.2 mg/kg dw, representing a remarkable removal rate of 64−94 %.  

 

3. Scientific hypotheses and objectives 

3.1. Hypotheses  

 The concentration of selected persistence organic contaminants (POPs) and personal care 

products (PCPs) in sewage sludge will be affected by WWTP parameters and digestion 

technology. 

 Phytoremediation, mycoremediation, and their combined application significantly remove 

POPs and PCPs from sewage sludge-amended soil. 

 Composting of sewage sludge will degrade/reduce selected POPs and PCPs present in the 

sewage sludge. 

3.2. Objectives  

 Investigate the concentration of POPs and PCPs in sewage sludge from different WWTPs 

based on WWTP parameters and digestion technology.  

 Evaluate the degradation of POPs and PCPs in the sewage sludge amended soil through 

the application of phytoremediation, mycoremediation, and their combination.  

 Determine the efficiency of contaminants removal from sewage sludge by using 

composting.  
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Abstract 

Sewage sludge composting is a widely employed technique aimed at reducing contaminant 

concentrations and enhancing nutrient content. Given the increasing urbanization, proper 

management and disposal of sewage sludge are essential due to contamination concerns. The 

objective of this study was to evaluate the effectiveness of white-rot fungi inoculation at various 

stages of sludge composting in removing PAHs. Results revealed that the pH of the final sewage 

sludge ranged slightly acidic, between 6.39 and 6.49. Additionally, the electrical conductivity (EC) 

ranging from 4.04 mS /cm to 4.6 mS /cm and carbon-to-nitrogen (C/N) ratio ranging 12.3 to 12.9, 

respectively. A significant negative correlation (r = -0.64) was observed between temperature and 

PAH removal. Low-molecular-weight (LMW) PAHs were removed in the highest rates from 

87.2% to 90.1%, PAH removal decreased with increasing molecular weight. Notably, Naphthalene 

and Acenaphthylene were highly degraded within this group, while Benzo[a]pyrene and 

Dibenz[a,h]anthracene were completely removed from high-molecular-weight (HMW) PAHs. The 

total PAH degradation after 90 days of composting ranged from 56% to 69%. P. chrysosporium 

exhibited significantly lower residual total PAH content compared to other treatments, indicating 

its effectiveness in PAH removal. Compared to the control, treatments inoculated with white-rot 
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fungi demonstrated higher PAH degradation at the end of composting. During sludge composting, 

synthetic musk compounds showed lower degradation in the control treatment compared to other 

treatments, with galaxolide and tonalide degrading by 13.2% and 18.8%, respectively. Treatments 

using substrates of white-rot fungi, such as Phanerochaete, Bjerkandera, Irpex, and Trametes, 

exhibited significantly higher degradation rates. Galaxolide degradation ranged from 32.7% to 

37.3%, while tonalide degradation ranged from 31.4% to 36.4%, indicating the effectiveness of 

white-rot fungi in enhancing the breakdown of these compounds. 

Keywords: Organic pollutants; Bioremediation; Composting;   Biosolids; White-rot fungi   

 

Abbreviations: ACE, Acenaphthylene; ACEN, Acenaphthene; AHTN, Tonalide; ANT, 

Anthracene; BaA, Benzo[a]anthracene; BbF, Benzo[b]fluoranthene; BkF, Benzo[k]fluoranthene; 

BghiP, Benzo[g,h,i]perylene; BaP, Benzo[a]pyrene; CHR, Chrysene; DBA, 

Dibenz[a,h]anthracene; FLU, Fluorene; FLUO, Fluoranthene; IYP, Indeno[l,2,3-c,d] pyrene; 

NAP,Naphthalene, HHCB, Galaxolide 

 

Introduction  

 

Sewage sludge (SS) is an important biodegradable waste material byproduct of the municipal 

wastewater treatment plant (Yu et al., 2018). With urbanization on the rise, the scale and number 

of urban sewage treatment plants are constantly expanding, thereby resulting in the generation of 

a large volume of sewage sludge (H. Chen et al., 2012). At present, the main representative 

disposal ways of sewage sludge include landfill, land application, drying-incineration, composting, 

and recycling as building materials (Lü et al., 2021b).  

Sewage sludge (SS) serves as a valuable resource for soil amendments, as it contains rich organic 

matter and essential nutrients such as phosphorus and nitrogen (Chen et al., 2021; Verlicchi and 

Zambello, 2015). Application of sludge improves soil structure, enhances aggregate stability, 

increases water retention capacity, and promotes soil aeration. Additionally, it mitigates 
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salinization effects in arid regions, supports plant root development, and plays a crucial role in 

carbon sequestration within the soil. Consequently, this helps in reducing atmospheric CO2 levels 

and potential global warming impacts (Annabi et al., 2007; Boldrin et al., 2009). 

The main obstacle for sludge-soil utilization is a presence of organic pollutants such as polycyclic 

aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), pesticides residues, 

pharmaceutical and personal care product (PPCPs) residues including synthetic musk compounds 

(SMCs), and many other organic contaminants in it. Many of these compounds result from 

domestic household use or from small industrial facilities, and it is therefore difficult to avoid the 

contamination of sludge by these substances (Lapen et al., 2008; Ozaki et al., 2017).   

Composting is widely used technique for treating sewage sludge, and it is an accepted method for 

preparing sewage sludge for land application as a soil amendment (Peltre et al., 2015). Composted 

sewage sludge is increasingly used due to its ability for rebuilding soil organic matter, provide 

nutrients, and suppress plant diseases (Sadef et al., 2016). Aerobic composting has been globally 

applied as an effective and cost-efficient process for its management and reuse (Wang et al., 2019). 

Many organic micropollutants could be degraded microbially, either aerobically (oxidation) or 

anaerobically (dehalogenation) for instance. Currently, it’s well known that persistent organic 

compounds (POPs) such as PAHs, PCBs, polychlorinated dibenzodioxins/furans (PCDD/F), 

synthetic musk compounds (SMCs) and others can be degraded by the composting while anaerobic 

digestion has a much less effect (Ozaki et al., 2017; Muñoz et al., 2018; Lü et al., 2021).           

The aim of this study was to assess the removal efficiency of PAHs and SMCs at different stages 

of the composting process and to investigate the impact of individually inoculated white-rot fungi 

on compound degradation. Furthermore, we analyzed how the relationship between 

physicochemical properties of sludge and the degradation of PAHs over the composting duration.  
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1. Materials and methods 

  
2.1. Sewage sludge and fungal substrates  

 

Experimental sewage sludge was obtained from a wastewater treatment plant serving a population 

equivalent to 40,000 individuals. The sludge underwent anaerobic stabilization with a wastewater 

load of 38%, while the hydraulic retention time in the WWTP was 35 days. Measured removal 

efficiencies for biochemical oxygen demand and chemical oxygen demand were 96.8% and 95.4%, 

respectively. 

Five fungal substrates, namely Pleurotus ostreatus (Jacq.) P. Kumm., strain HK35 (P. ostreatus), 

Phanerochaete chrysosporium (Burds.) (P. chrysosporium) and Irpex lacteus (Fr.), strain 931 (I. 

lacteus), Bjerkandera adusta (B. adusta) and Trametes versicolor (T. versicolor), were prepared 

by the Department of Horticulture, CZU Prague. As briefly outlined by Chane et al. (2023), fungi 

were cultivated on malt extract-glucose agar to obtain mycelium, which was subsequently utilized 

as a fungal spawn on wheat grain. The resulting substrate, enriched with gypsum, underwent 

autoclaving, inoculation with mycelia, and cultivation. Sterilized wheat straw pellets with 60% 

moisture content were then inoculated with the substrate for each culture, and substrates containing 

white rot fungi were cultivated for 4 weeks until the straw pellets were fully colonized by 

respective fungal mycelium. 

2.2. The experimental setup 

The composting of sewage sludge was conducted in 70-liter plastic laboratory fermenters, with the 

outer vessel wall insulated to regulate temperature. Aeration was facilitated through an air inlet 

positioned at the bottom of the vessel, where an aeration device (Atmos, Czech Republic) operated 

to aerate the composting vessels at 4 l/min per hour for 5 minutes. To prevent condensation within 
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the vessels, hoses were connected at the top of the plastic and linked to condensation flasks. The 

composting process spanned 90 days, with treatments organized in 7 treatments, each with a 

replication. The treatment groups comprised: 1) sewage sludge (S) = control; 2) sewage sludge + 

autoclaved fungal substrate (SS); 3) sewage sludge + Pleurotus substrate (SS-PL); 4) sewage 

sludge + Phanerochaete substrate (SS-PH); 5) sewage sludge + Bjerkandera substrate (SS-BJ);   

6) sewage sludge + Irpex substrate (SS-IR); and 7) sewage sludge + Trametes substrate (SS-TR). 

Substrates were added to the sludge with the ratio of 10:1 (sludge: substrate). Sampling occurred 

four times during composting: at the experiment's initiation (t = 0 days), at the end of the 

thermophilic step (t = 30 days), during the stable temperature period midway through the 

experiment (t = 60 days), and at the maturation step (t = 90 days). Before sampling, the compost 

was thoroughly mixed to ensure a representative sample and promote aeration. Fresh samples 

weighing 200 grams were collected in glass bottles and stored in a freezer at -20°C prior to further 

processes.    

2.3. Temperature monitoring and physiochemical analysis  

The temperature throughout the composting period was monitored using a PT-100 type sensor 

enclosed in a stainless-steel casing measuring 0.5 meters in length and 200 millimeters in diameter. 

The sensor probe traversed the composting material from top to bottom, allowing for 

comprehensive temperature profiling throughout the process. The sensor probe cable was 

connected to a computer system for monitoring and recording purposes, enabling remote 

temperature control. The ambient temperature within the laboratory was maintained at 25 °C. 

The dryness content of the composted sewage sludge was determined gravimetrically by 

lyophilizing the samples. Electrical conductivity and pH were assessed using a 1:5 ratio 
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(composting sample wet weight: demi water volume). The percentage of organic matter content in 

the composting piles was determined through gravimetric loss-on-ignition of oven-dried samples 

(at 105°C for 24 hours), followed by ashing in a muffle furnace at 550 °C for 24 hours. 

Additionally, the moisture content of the composting materials was determined by drying the 

samples at 105 °C for 24 hours. 

2.4. Extraction of organic compounds  

The extraction process for determining PAHs and SMCs in composted materials followed the 

method outlined by (Chane et al., 2023). Initially, 1g of dried composted sludge sample, along 

with a surrogate standard, was combined with 10 mL each of ethanol, sodium acetate buffer, and 

hexane. This mixture underwent 30 minutes of rotary shaking (DKSH, Switzerland), followed by 

30 minutes of ultrasonication (Bandelin Sonorex, DT510H, Germany) and centrifugation (1328×g) 

using a Rotina 420 R centrifuge (Hettich, Germany) for 10 minutes. The resulting extracts were 

filtered using 150 mm filter paper (Whatman®, Grade 40) before being evaporated to near dryness 

using nitrogen. Subsequently, the samples underwent solid phase extraction (SPE) described by 

Chane et al., (2023). After evaporation to near dryness, the final 2 mL of n-hexane was added, and 

following the addition of the internal standard, the samples were ready for PAH and SMCs 

analysis. 

2.5. GC/MS/MS analysis 

Instrumental analysis was conducted utilizing an Agilent 8890 gas chromatograph with 7000D 

Triple Quadrupole (Agilent Technologies, USA), coupled with an automatic sampler system PAL 

RTC (CTC Analytics AG, Switzerland), following the methodology outlined in a detail by Košnář 



79 
 

et al., (2021). Quantification of target compounds utilized the dynamic multiple reaction 

monitoring mode. The average recovery of the p-terphenyl-d14 used as a surrogate standard from 

each sample extracted was 94%. The limit of detection for individual PAHs and SMCs ranged 

from 0.1 to 5.0 µg/kg dry weight (dw). 

2.6. Statistical analysis 

Statistical differences among treatments were evaluated using one-way analysis of variance, 

followed by a post-hoc Tukey's test, with a significance level set at P <0.05 for comparisons 

involving experimental groups. These analyses were carried out using the Statistica 12.0 software 

package (StatSoft, USA). Pearson correlation was utilized to investigate the relationship between 

the physicochemical properties of composting sludge and compound degradation during 

composting. Tables and figures were prepared using Excel 2010 (Microsoft Corporation, USA).  

3. Result and discussion  

 
3.1. Physicochemical parameters of sludge during the composting process 

 

Table 1 presents the average changes in physicochemical properties during composting 

experiment. The initial pH values ranged from 6.85 to 6.75 value and exhibited a slight decrease 

by the end of the study, ranging from 6.39 to 6.49. Consistent with our findings, Liu et al. (2019) 

also observed a decrease in pH at the end of their sewage sludge composting experiment (day 60), 

with values ranging from 6.7−7.1. Value of pH plays a crucial role in the composting process, 

influencing microbial growth and metabolism.  

The carbon-to-nitrogen (C/N) ratio is a vital parameter in composting as it offers valuable insights 

into the likely rate of organic matter decomposition. Microorganisms typically utilize 
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approximately 30 parts of carbon for each part of nitrogen (Khalil et al., 2011). Sewage sludge 

typically exhibits a C/N ratio of less than 15. In our current study, the C/N ratio ranged from 12.8 

to 14.1 initially, with the final compost displaying lower values ranging from 12.3 to 12.9. The 

lower C/N ratio observed in our study could be attributed to the absence of any bulking agent 

addition during composting. Ramdani et al. (2015) reported a higher C/N ratio of 15.4 after 150 

days of composting, while Wang et al. (2013) reported a more similar C/N value at the beginning 

of composting to our study. 

The electrical conductivity (EC) of all treatments exhibited a significant increase from initial 

values ranging from 2.5 to 3.02 mS cm−1 to final compost values ranging from 4.04 to 4.62 mS 

cm−1. EC serves as an indicator of the salinity level in the composting mixture, which may affect 

plant growth adversely upon application to soil (Sánchez-Monedero et al., 2001; Lin, 2008). The 

EC of compost holds considerable agricultural significance, influencing plant growth and seed 

germination. Elevated EC levels exceeding 8 mS cm−1 have been found to negatively impact soil 

microbial populations and the bio-transformation of organic matter (Ammari et al., 2012). 

However, it is worth noting that the EC of the final compost products remains below 2.5 mS cm−1. 

 

3.2. Degradation of PAHs and SMCs during sludge composting 

 

During composting, the removal of 16 priority PAHs was measured. At the end of the 90-day 

period, the concentration of total 16 PAHs significantly decreased compared to the initial 

concentrations across all treatments (Table 2, Fig. 2). The loss of total PAHs was observed to 

decrease with increasing hydrophobicity of the PAHs. Composting exhibited higher degradation 

rates across all treatments for low molecular weight (LMW) PAHs, with removal percentages 

ranging from 87.2% to 90.1% (Fig. 2). Conversely, medium molecular weight (MMW) and high 

molecular weight (HMW) PAHs showed lower degradation rates, ranging from 37.4% to 61.6% 
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and 36% to 53.2%, respectively (Fig. 2). Oleszczuk and Baran (2003) also reported rapid loss of 

LMW PAHs after composting, while HMW molecules exhibited greater persistence. Despite this 

trend, BaP and DBA were completely removed in all treatments after 90 days of sludge 

composting. This finding is consistent with the results of Hafidi et al. (2008), who observed 100% 

removal of higher molecular weight PAHs, possibly due to less reversible adsorption with an 

increased number of fused aromatic rings or greater hydrophobicity.  

Following 90 days of composting, the residual total PAH content in the composted sludge ranged 

from 2.35 to 3.32 mg/kg dw, all significantly below the regulatory limit of 6 mg/kg set by EU 

regulations (Suciu et al., 2015b). The highest final PAH concentration was observed in the control 

sludge treatment, whereas the P. chrysosporium strain (SSPH) treatment exhibited the lowest 

concentration.  

NAP, ACEN, and FLU exhibited the highest degradation rates among LMW PAHs, with 

percentages exceeding 95 % after 90 days of sludge composting. Siebielska (2014)  reported a 

lower removal percentage for NAP during sludge composting compared to the current study, 

which utilized a longer composting time and achieved a reduction percentage of approximately 

70%. ACE displayed a lower degradation rate among LMW PAHs at the end of experiment, with 

degradation percentages ranging from 71.5 % to 76.5 %. PHE also exhibited a relatively high 

degradation rate, ranging from 66.7 % to 88.1 % at the end of the study. Han et al., (2004) similarly 

reported the degradation of PHE by T. versicolor during their incubation experiment, achieving a 

removal percentage of 65 %. These hydrocarbon groups, characterized by weak sorption and low 

hydrophobicity, are more readily decomposed by microorganisms (Ozaki et al., 2017). Due to the 

higher degradation of LMW PAHs, their residual content did not significantly differ between 

treatments at the end of the study (Table 2).  
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The sludge treatment (control) exhibited notably lower degradation of MMW PAHs compared to 

other treatments, with a degradation efficiency of 37% (Fig. 2). Conversely, the B. adusta (SS-BJ) 

variant demonstrated the most significant degradation of total MMW PAHs, with a percentage of 

61.6%. Additionally, treatments T. versicolor (SS-TR) and P. chrysosporium (SS-PH) also showed 

high degradation efficiencies, reaching 60.2% and 59.4%, respectively (Fig. 2). Among MMW 

PAHs, PYR emerged as the most resilient, persisting as the primary residual PAH in the composted 

sludge. Its final concentration ranged from 1167 to 1750 µg/kg dw, potentially impacting the 

suitability of the composted material for agricultural soil use. Chen and Ding (2012) found that P. 

chrysosporium degraded PYR from sludge-soil by 51.9% after 90 days of incubation. In the current 

study using a similar strain, the degradation rate was comparable, at 55% after 90 days. The 

residual content of CHR and BaA in the SS-BJ, SS-IR, and SS-TR treatments at the end of the 

study was significantly lower than in other treatments, ranging from 3.75 to 4.98 and 10.53 to 

11.76 µg/kg dw, respectively (Table 2). Additionally, the degradation percentage at day 90 for 

both compounds was significantly higher in these three treatments compared to others, ranging 

from 97% to 97.8% and 90.4% to 91.7%, respectively (Fig. 2a). Cajthaml et al. (2006) reported 

that I. lacteus culture was able to degrade 70% of initially spiked BaA to the culture after just 14 

days of the experiment. 

As anticipated, the HMW PAHs showed the lowest degradation rates during the 90-day sludge 

composting period (Figure 2). This phenomenon may be attributed to reduced evaporation rates or 

diminished biological decomposition due to stronger bonding to solid surfaces (Ozaki et al., 2017). 

In our study the residual total content of HMW PAHs at the end of composting ranged from 2328 

to 3302 µg/kg dw (Table 2). Furthermore, at the end of the study, the concentration of PAHs in all 

treatments was significantly lower compared to their initial levels. The SS-PH and SS-TR 
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treatments exhibited the highest degradation percentages of total HMW PAHs at the end of 

composting, both at 53.2%. For instance this outcome could be attributed to T. versicolor's ability 

to secrete all three enzymes of Lac, MnP, and LiP that facilitate the degradation of HMW PAHs, 

unlike other treatments (Cajthaml et al., 2009).   

During the SS-IR and SS-TR treatments, BghiP was found in significantly lower concentrations 

compared to the sludge (control) or other treatments at the end of the study, with residual contents 

of 409 and 397 µg/kg dw, respectively. After 90 days of composting, nearly all PAHs were still 

detectable, except for DahA and BaP, which were not found in any treatments. Similarly, Cai et 

al., (2007) reported the absence of DahA and ACY after 56 days of sludge composting, while Hua 

et al., (2008) observed their absence after 50 days of sludge composting with a degradation 

percentage of 92%. Another study by Hafidi et al., (2008) reported approximately 99.5% removal 

of BaP from sludge composting after 90 days. BaP is known to be lipophilic and easily adsorbed 

on colloids, minerals, and humus (Semple et al., 2003). In the current study, BkF and BbF exhibited 

the removal percentages ranging from 30% to 61% and 30% to 61%, respectively. The lowest 

degradation in this group was observed during BghiP, with removal efficiencies ranging from 16% 

to 49% in all treatments after 90 days.  

The removal of total PAHs from sludge composting after 90 days ranged from 55.9% to 69%. 

Similar results have been reported in other studies, such as Lu et al. (2019), who found removal 

rates ranging from 58.7% to 76% after 39 days, and Cai et al. (2012), who reported removal rates 

of 54.6% to 75.9% after 56 days of composting. However, Oleszczuk (2008) reported lower 

removal rates compared to the current study, ranging from 29.3% to 46.8% after 76 days of sludge 

composting. The degradation of total PAHs at the end of the study was significantly higher during 

P. chrysosporium (SS-PH) treatment compared to other treatments with 70% of degradation (Fig. 



84 
 

3). Other treatments with white-rot fungi inoculation also exhibited significantly higher 

degradation of total PAHs compared to the control (SS) treatment. Taha et al. (2018) reported that 

the removal of total PAHs from biosolids with the application of P. chrysosporium was 

approximately 62% higher after 14 days, compared to natural attenuation treatment, which only 

achieved 40% degradation. In the current study, the SS-PH, SS-TR, SS-BJ, and SS-IR treatments 

showed the highest degradation efficiencies, ranging from 63% to 68%.    

Synthetic musk compounds (SMCs) were studied for their possible degradation over a 90-day of 

sludge composting period. The results showed that only galaxolide and tonalide were detected at 

any stage of the study. The control sludge (S) treatment exhibited statistically lower degradation 

for both compounds. Similarly, the sludge substrate (SS) and SS-PL treatments also showed lower 

degradation rates for tonalide, at 22% and 18.6%, and for galaxolide, at 15.4% and 12.8%, 

respectively. Significantly higher degradation rates for galaxolide and tonalide were observed in 

the P. chrysosporium (SS-PH), B. adusta (SS-BJ), Irpex lacteus (SS-IR), and T. versicolor's (SS-

TR)treatments compared to control, with degradation for galaxolide and tonalide ranging from 

32.7% to 37.3% and 31.4% to 36.4%, respectively. This indicates the microbial contribution to 

contaminant removal. Vallecillos et al. (2017) reported similar results, with a 42% removal of 

tonalide during sewage sludge composting. Poulsen and Bester. (2010) reported higher 

degradation rates for galaxolide and tonalide at 89% and 68%, respectively, during 24 days of 

sludge composting. The higher temperature during the early stages of composting likely 

contributed to this relatively high degradation. Ozaki et al., (2017) also reported the removal of 

HHCB and AHTN during composting, registering a median degradation of 65% for both 

compounds over the span of one year.  
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The concentration of galaxolide was higher than that of tonalide in the raw material and at the end 

of the study. After 90 days of composting, during the S, SS, and SS-PL treatments, the 

concentrations of galaxolide and tonalide were significantly higher than in other treatments, 

ranging from 6506 to 5742.1 µg/kg and 579.7 to 515.5 µg/kg, respectively (Table 5). In contrast, 

for treatments with white-rot fungi substrates, including P. chrysosporium (SS-PH), B. adusta (SS-

BJ), Irpex lacteus (SS-IR), and T. versicolor's (SS-TR), the remaining concentrations after 90 days 

of sludge composting were significantly lower than the control, ranging from 4515.8 to 4885.5 

µg/kg for galaxolide and from 430.5 to 459.5 µg/kg for tonalide. 

 

3.3. Temperature and removal of PAHs  

In the present study, the temperature of sewage sludge composting was ranging from the 

temperature of 5°C to 41°C. At the beginning of composting experiment, the temperature reaches 

its maximum 41°C after 4 days afterwards the temperature slowly decreased until it reached around 

26°C at the end of composting. Due to depletion of organic matter, the degradation process 

becomes less resulted with dropped temperature (Wu et al., 2017). Temperature has been 

previously mentioned as a critical indicator of variations in the microbial activity during the 

composting process (Huang et al., 2017). From a biological point of view, there are three intervals 

that govern the different aspects: temperature above 55°C to maximize sanitisation, between 45°C 

and 55°C to improve the degradation rate and between 35°C and 40°C to increase microbial 

diversity (Khalil et al., 2011).   

The PAHs degradation during the first stage (30 days) of sludge composting was very high 

compared to the later stages of composting which has slower degradation stages, this could be 

most likely due to the depletion of the nutrients needed for the microbial activity the possible 



86 
 

natural PAH degraders (Sayara et al., 2011). As shown on Fig. 1, in the current study, the 

temperature raised to its maximum at the beginning of composting and the degradation of total 

PAHs was high during that stage. The correlation coefficient between temperature and total PAHs 

removal for 90 days composting was r = -0.64, which indicated as temperature raised during the 

first 7 days the concentration of PAHs was also show a significant decreased at the early stages. 

Later after 40 days of composting, the temperature to stabilize and reached a constant level, where 

the degradation also seems slower degradation. Antizar-ladislao et al. (2004) also highlight another 

reason, increased temperatures at the start will increase the solubility and mass transfer rates of the 

contaminants, thereby making them more available to be metabolised. At the start of composting 

of the current study, the temperature was raised to reach around 41 °C, because of high organic 

matter at the beginning of the experiment (Figure 3), according to Antizar-Ladislao et al. (2005) 

the 38 °C was the optimum temperature for both PAH removal and microbial activity.   

 

 

4. Conclusion 

 

The study investigated the removal of 16 priority polycyclic aromatic hydrocarbons (PAHs) during 

vessel sludge composting over a 90-day period. The results revealed significant reductions in total 

PAH concentrations across all treatments, with LMW PAHs exhibiting higher degradation rates 

compared to MMW and HMW PAHs. Notably, BaP and DBA were completely removed in all 

treatments, consistent with previous findings indicating the efficacy of composting in eliminating 

higher molecular weight PAHs. Significant degradation of B[a]A and CHR occurred during the 

treatments of B. adusta (SS-BJ), I. lacteus (SS-IR), and T. versicolor (SS-TR) with removal 
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percentages ranging from 91.6% to 97.8%. P. chrysosporium (SS-PH) showed higher degradation 

of B[b]F, with a removal percentage of 61.2% at the end of composting. P. chrysosporium (SS-

PH) also demonstrated the highest degradation of total PAHs, underscoring the potential of white-

rot fungi (WRF) inoculation to enhance PAH removal during sludge composting processes. For 

HHCB and AHTN, the treatments with substrates of P. chrysosporium (SS-PH), B. adusta (SS-

BJ), I. lacteus (SS-IR), and T. versicolor (SS-TR) showed higher degradation at the end of study 

compared to the control. These findings suggest that composting can be an effective method for 

reducing PAH, HHCB, and AHTN contamination in sewage sludge, thereby mitigating potential 

environmental and health risks associated with PAH exposure. However, further research is 

needed to optimize composting conditions, assess the long-term stability of PAH removal, and 

evaluate the potential impacts of composted sludge application on soil quality and ecosystem 

health. 
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Table 1. The physyo- chemical property of composted sewage sludge.   

 

  Sludge 

(S) 

Substrate 

(SS) 

P.ostreatus 

(SS-PL) 

P.chrysosporiu

m (SS-PH) 

B. adusta  

 (SS-BJ) 

Irpex lacteus 

(SS-IR) 

T.versicolor 

(SS-IR) 

C/N T0 12.8±1.2

A 
14.1±0.2

A 
13.7±0.4A 13.7±2.1A 13.9±1A 13.9±1.5A 13.5±.05A 

T3 12.3±1A 12.7±0.5

A 
12.8±1.1A 12.9±0.5A 12.9±0.9A 12.8±2A 12.9±1.2A 

pH 

(CaCl2) 

T0 6.85±0A 6.84±0.02

A 
6.78±0.01

A 
6.79±0.07A 6.81±0.04A 6.77±0.05A 6.75±0.07A 

T3 6.39±0.0

1A 
6.45±0.02

A 
6.42±0.02

A 
6.41±0.02A 6.49±0.01A 6.42±0.03A 6.47±0.04A 

EC 

(μS/cm) 

T0 3029.3±

28A 
2774.3±3

5A 
2874.3±47

A 
2929.3±90A 2886.8±245

A 
2951.8±23A 2456.8±234A 

T3 4428.4±

42A 
4248.3±4

66A 
4445.8±32

6A 
4040.9±920A 4488.3±19A 4518.5±229

A 
4620.8±100A 

 

Means ± standard deviations calculated from four replications of respective treatments. Different letters 

across the row indicates significant differences among the variants (P <0.05) in each treatment. 
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Fig. 1. The relationship between average temperature and total PAHs concentrations and derived 

Pearson Correlation Coefficient (r)  
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                 Fig. 2. Removal percentages of lower, medium, high and total polycyclic aromatic hydrocarbons (PAHs) 

versus time of composting sewage sludge 
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Fig. 3. Residual content of PAHs after 90 days of composting 

 

 

The data represent means (±SD) of four replicate measurements. The same lowercase letters above bars 

indicate that differences among treatments were not significant at P <0.05 as determined by Turkey's 

test. Abbreviations: LMW PAHs (low molecular weight PAHs) = sum of naphthalene, acenaphthylene, 

acenaphthene, and fluorene; MMW PAHs (medium molecular weight PAHs) = sum of phenanthrene, 

anthracene, fluoranthene, and pyrene; HMW PAHs (high molecular weight PAHs) = sum of benzo 

[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, indeno[1,2,3-

cd]pyrene, and benzo[g,h,i]perylene; Total PAHs (total sum PAHs) = sum of LMW, MMW, and HMW 

PAHs. 
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Fig. 4.  The effect of individual Fungi species on the degradation of total PAH  
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Table 2. Residual content of PAHs at the end of composting.  

 

 Sludge Substrate Pleurotus Phaneroachaete Bjerkandera Irpex Trametes 

Naphthalene 29.3±4.1 A 29.9± 7 A 31.6 ±16 A 27.93±20A 35.2± 8.3 B 33.3±14 AB 36.8±13 B 

Acenaphthylene 0.9 ±6 A 0.5±0.1 A 0.7±0.2 A 0.67±0.4 A 0.82±0.1 A 0.9 ±0.2 A 0.8±0.3 A 

Acenaphthene 2.6 ±0.4 A 1.8 ±0.2 A 2.1 ±0.2 A 1.2 ±1.1 A 2.3 ±0.4 A 2.3 ±0.3 A 2.2 ±0.5 A 

Fluorene 3.8 ±0.3 A 2.8 ±0.1 A 3.6 ±1.3 A 3.22 ±0.7 A 3.77 ±0.9 A 4.1 ±0.3 D 3.8 ±0.3 C 

Anthracene 255±44 A 260.1 ±50 A 234±139 A 228±151 A 250 ±26 A 245± 50A 225 ±47 A 

Phenanthrene 2.6 ±0.6 A 3.4  ± 0.1A 2.95± 1A 3.3 ±0.5 A 3.2 ±1 A 4.8  ± 2A 4.6  ± 0.7A 

Fluoranthene 171±0.4 A 134.8±10AB 137.4±41 AB 116.1  ± 69B 129.4±14 AB 160.1±57 A 125 ± 29 AB 

Pyrene 1739.1±145A 1538.8±85A 1516.9±223A 1167.37 ±644 A 1466.4 ±147 

A 

1750.1±128A 1586.±137 A 

Benzo[a]anthracene 48.1 ±5 A 49.9 ±1 A 49.1±20A 29.1 ±17 AB 10.53 ±2 B 10.6 ±2 B 11.7 ±1.2 B 

Chrysene 70.4 ± A 66.83 ± A 71.81 ± A 55.37 ± A 3.75 ± B 4.98 ± B 4.20 ± B 

Benzo[b]fluoranthene 165.2±13 A 167.4 ±3 A 157.3 ±22 A 108.8 ±31 A 173.7 ±0.5 A 198.8 ±2 A 180.1 ±0.4 A 

Benzo[k]fluoranthene 165.2 ±2 A 167.5±11 A 157.3 ±31 A 108.8 ±62 A 173.8 ±11 A 198.8 ±67 A 180.2 ±46 A 

Benzo[a]pyrene ND ND ND ND ND ND ND 

Dibenz[a,h]anthracene ND ND ND ND ND ND ND 

Indeno[1,2,3-

cd]pyrene 

ND ND ND ND ND ND ND 

Benzo[g,h,i]perylene 649.3 ±9 A 624.4±17 A 612.3±85 A 477.9 ±263 A 456.3 ±38 A 408.8±54A 397.4 ±38A  

 

Means ± standard deviations calculated from four replications of respective treatments. Different letters 

across the row indicates significant differences among the variants (P <0.05) in each treatment. ND = 

not detected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



122 
 
 

 

 

 

 

Fig. 5. The percentage change of galaxolide and tonalide at the end of composting 

 

The data represent means (±SD) of four replicate measurements. The different uppercase letters above 

bars indicate that differences among treatments were significant at (P <0.05) as determined by Turkey's 

test. 
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Table 3: Residual content of galaxolide and tonalide (µg/kg) at 0, 30, 60 and 90 days 

  

 Galaxolide Tonalide 

Treatments 0 30 60 90 0 30 60 90 

Sludge 7502.4±3

40 A 

6741.6±

737 AB 

7448.2±

560 A 

6506.1±4

4 B 

722.4±

128 B 

574.8± 

78 A 

675.5± 

0.9 AB 

579.8± 

27 A 

Substrate 68023±12

6 AB 

6198.9±

109 A 

6840.5±

200 B 

5753.9±5

4 C 

663.5±

40 C 

574.6±

26B 

724.1±

24 D 

517.1±

6 A 

Pleurotus 6585.2±3

24 A 

6194.9±

527 A 

5723.2± 

420A 

5742.1± 

494 A 

632.6±

32 A 

587.5±

66 A 

586.7±

299 A 

515.5±

54 A 

Phaneroac

haete 

6747.4±6

34 A 

5879.5± 

732 A 

4567.9±

181 B 

4515.9±2

44 B 

655.6±

60 A 

552.3±

42 AB 

364.8±

122 A 

430.4±

245 AB 

Bjerkander

a 

7150.3±4

65 A 

7035.5±

390 A 

6116.5±

646 AB 

4808.5± 

607 B 

693.6±

31 B 

628.8± 

31 AB 

611.1±

13 A 

446.8± 

47 C 

Irpex 7232.9± 

463 A 

6480.6±

501 AB 

6061.1±

374 B 

4611.3±2

74 C 

672.8± 

123 A 

613.9± 

65 AB 

684.1± 

65 A 

459.5±

79 B 

Trametes 7487.6± 

514 A 

6348.4±

377 A 

6048.4±

330 B 

4695.1± 

486 C 

710.4± 

71 A 

620.9±

48 A 

628.6±

7 A 

448.1±

59 B 

 

Means ± standard deviations calculated from four replications of respective treatments. Different letters 

across the row indicates significant differences among the variants (P <0.05) in each treatment.  
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5. General Discussion  

The investigation commenced by probing the prevalence of persistent organic pollutants (POPs) and 

personal care products (PCPs) within sewage sludge collected from municipal wastewater treatment 

plants (WWTPs) across the Czech Republic. The concentration of persistent organic pollutants (POPs) 

in sewage sludge was studied, particularly focusing on polycyclic aromatic hydrocarbons (PAHs) and 

polychlorinated biphenyls (PCBs), in relation to various WWTP parameters and sludge stabilization 

techniques. Sampling from 40 different WWTPs revealed the ubiquitous presence of PAHs in all 

examined sludge samples, averaging at 3096 μg/kg dw for sum of 16 PAHs, with concentrations 

exceeding threshold values outlined for recycling in only a few samples. The average PAH content in 

sewage sludge samples was sorted in the following order: HMW PAHs = MMW PAHs > LMW PAHs. 

All 16 PAHs were detected in the analyzed samples, with concentrations ranging from 2.10 μg/kg dw 

of acenaphthene to 3077 μg/kg dw of benzo[a]anthracene. The average content of the carcinogenic 

benzo[a]pyrene was 190 μg/kg dw. Furthermore, seven PCB congeners were identified, with PCB 138 

and PCB 153 consistently detected across all samples, indicating their predominant presence. The 

average concentration of 7 PCBs in the 40 sewage sludge samples was 95.7 μg/kg dw. In the current 

study, the average total amount of the 11 OCPs was 76.1 μg/kg dw; almost 82% were DDT congeners, 

and the rest were HCB and HCH isomers. The correlation between PAHs and PCB concentrations and 

WWTP design capacity highlighted the potential impact of urbanization on pollutant levels in sewage 

sludge, agreed with findings from (Wluka et al., 2021). Moreover, the moderate positive correlations 

observed between the total sum of PCBs and PAHs underscored the widespread presence of 

contaminants within the sludge. Certain studies have reported a lack of distinct differences in the 

content of PAHs and PCBs between aerobic and anaerobic treatments (Olofsson et al., 2013; Ning et 

al., 2014). However, the current study revealed a notably higher (P < 0.05 – 0.001) concentration of 
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most investigated PAHs in sewage sludge’s treated under anaerobic conditions compared to those 

treated aerobically.  

Concurrently, a comprehensive analysis of 55 sewage sludge samples showed the prevalent 

occurrence of approximately 11 synthetic musk compounds, while synthetic polycyclic musk 

compounds (SPMCs) were found in higher concentrations than synthetic nitro musk compounds 

(SNMCs) in concentration. The predominant compounds identified were galaxolide and tonalide, with 

the nitro musk, musk ketone emerging as the most frequently detected compound in the majority of 

sludge samples. Notably, the concentrations of these compounds did not correlate with the percentage 

of wastewater load or the hydraulic retention time of wastewater, suggesting their resistance to 

degradation within WWTPs. This observation aligns with previous findings by Vallecillos et al., (2012) 

(2012) and Liu et al., (2014), who noted the persistence of synthetic musk compounds in wastewater 

treatment processes.  

Moving forward, after investigation of the occurrence of target contaminants and their concentrations 

in the sewage sludge, the focus turned to PAHs and synthetic musks bioremediation study after their 

composting or application at agricultural soil. Various bioremediation techniques, including 

mycoremediation, phytoremediation, their combination (phyto-mycoremediation), were evaluated for 

their efficacy in reducing contaminant levels. Results showed that, during the natural attenuation (SS) 

treatment, 16 PAHs showed only a slight degradation at the end of study, which was not statistically 

significant compared to the initial concentration, with only 18% decrease. Houshani et al. (2019) also 

reported lower total PAHs about 31 % from non-planted treatment after their 120 days of experiment. 

In terms of individual PAHs, 2–3-ring PAHs exhibited a higher removal percentage. Specifically, ACY, 

NAP, and ACE had removal values of 33.6 %, 56.7 % and 78.6 %, respectively. In contrast, degradation 

of 4–6-ring PAHs was relatively lower, as PYR, CHR and BkF were negligibly removed with values 
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of 7.1 %, 10.1 % and 11.9 %, respectively. Mycoremediation showed the most effective degradation of 

total PAHs, notably by P. chrysosporium that accounted for a removal percentage of 52 %. Both LMW 

PAHs and HMW PAHs degraded more rapidly by P. chrysosporium, with showing the highest 

degradation rate. The degradation sequence of PAHs at the end of the current study was as follows: 

LMW > MMW > HMW. The phytoremediated sludge-soil (PSS) treatment demonstrated a higher 

removal efficiency compared to natural attenuation but lower than mycoremediation. Among the plant-

assisted mycoremediation (PMR) treatments, particularly PMR-IR (I. lacteus) and PMR-PL (P. 

ostreatus), exhibited the highest overall removal rates for total PAHs, achieving average reductions of 

60 % and 57 %, respectively. In the case of plant-assisted mycoremediation (PMR) treatments, the 

concentration of total PAHs in the soil at the end of the experiment showed a significant decrease 

compared to their respective initial concentrations. Specifically, the plant-assisted mycoremediation 

treatments using P. ostreatus substrate (PMR-PL) and P. chrysosporium substrate (PMR-PH) were 

capable of completely removing ACE and FLU (100 %). Enzymatic activities in PMR treatments were 

significantly higher than SS (control) treatment and just phytoremediation (PSS) treatments, probably 

due to root exudates stimulating soil microorganism growth (Segura and Ramos, 2013). 

 Regarding the bioremediation of SMCs, among the 11 screened SMCs, only galaxolide (HHCB) and 

tonalide (AHTN) were detected in the soil amended with sludge at any stage of the experiment. Similar 

to PAHs degradation, during natural attenuation (control) treatment, the degradation of both compounds 

at the end of study (after 120 days) were not statistically different compared to the initial concentrations. 

Böhmer. (2007) similarly on natural attenuation treatment, found slower degradation of both 

compounds from sludge amended soils after 259 days of their experiment. This could be due to the 

lipophilic characteristics of target compounds and as suggested by Rodarte-Morales et al. (2011), the 

weak microbial activities during control treatment could also contribute the lower degradation. The 
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mycoremediation treatments, especially those using P. ostreatus substrates, showed a substantial 

degradation of HHCB and AHTN, with removal percentages of 58.9 % and 49.7 %, respectively. In 

contrast, in the other mycoremediation treatments, specifically M − PH (P. chrysosporium) and M-IR 

(I. lacteus) treatments, the HHCB content decreased less at a rate of 21.6 % in both treatments. 

Phytoremediation treatments, enhanced with maize, also exhibited promising results in reducing both 

group of contaminant concentrations with removal percentages of 46.3 % and 44.8 %, for HHCB and 

AHTN, respectively. Our findings are with the agreement of Stella et al., (2017) and Muratova et al., 

(2009), studies demonstrated the effectiveness of fungal bioremediation and plant-assisted remediation 

in reducing contaminant levels in soil environments. During the plant–assisted mycoremediation, the 

degradation of HHCB and AHTN was comparable to other treatments, with maximum removal for 

HHCB in the treatment with P. ostreatus (PM-PL) was 44.7 % and for AHTN in the P. chrysosporium 

(PM-PH) treatment was 34.5 %. The results revealed HQ values below 1 for synthetic musk 

compounds, suggesting that the addition of sewage sludge to the soil does not present a risk to the 

environment. 

Furthermore, the study investigated the degradation of PAHs during sewage sludge composting, a 

commonly employed method for sludge management. Physicochemical analyses conducted throughout 

the composting process revealed dynamic changes in pH, electrical conductivity (EC), and temperature. 

The observed decline in pH and C/N ratio, alongside the stabilization of temperature at the end of study 

around 26°C, indicated the maturation of the composting process. When temperature were high during 

the early stages of composting, the removal of PAHs increased significantly. This phenomenon aligns 

with previous studies by Khalil et al. (2011), which highlighted the influence of temperature on the 

degradation of organic pollutants during composting. The highest final total PAH concentrations were 

observed in the control sludge treatment, whereas the P. chrysosporium strain (SSPH) treatment 
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exhibited the lowest concentration. The degradation of 16 PAHs varied with their hydrophobicity, with 

LMW PAHs showing the highest degradation rates form 87.2 % to 90.1 %. Comparatively, MMW and 

HMW PAHs exhibited lower degradation percentages ranging from 37.4 % to 61.6 % and 36 % to 53.2 

%, respectively. Among MMW PAHs, PYR emerged as the most resilient, persisting as the primary 

residual PAH in the composted sludge. Its final concentration ranged from 1167 to 1750 µg/kg dw, 

potentially impacting the suitability of the composted material for agricultural soil use. The B. adusta 

treatment showed significantly higher degradation of MMW PAHs (61.6%). while treatments SS-TR 

(T. versicolor) and SS-PH (P. chrysosporium) also showed high degradation efficiencies, reaching 60.2 

% and 59.4 %, respectively. The P. chrysosporium and T. versicolor treatments had the highest 

degradation of HMW PAHs (both 53.2 %). Among HMW PAHs, the lower degradation was observed 

during BkF, with removal efficiencies ranging from 19 % to 41 % in all treatments after 90 days. The 

total removal of PAHs from sludge composting after 90 days ranged from 55.9 % to 69 %. Similar 

results have been reported in other studies, such as Lu et al. (2019), who found removal rates ranging 

from 58.7 % to 76 % after 39 days, and Cai et al. (2012), who reported removal rates of 54.6 % to 75.9 

% after 56 days of composting.  In the current study, following 90 days of composting, the residual 

total PAH content in the composted sludge ranged from 3.32 to 2.35 mg/kg dw, all significantly below 

the regulatory limit of 5 mg/kg set by EU regulations (Suciu et al., 2015). Regarding the removal SMCs, 

galaxolide and tonalide showed a significantly higher degradation rates in the P. chrysosporium (SS-

PH), B. adusta (SS-BJ), Irpex lacteus (SS-IR), and T. versicolor's (SS-TR) treatments compared to the 

control. The degradation ranged from 32.7% to 37.3% for galaxolide and 31.4% to 36.4% for tonalide. 

At the end of study for similar treatments, the residual content of galaxolide and tonalide were ranging 

from 4515.8 to 4885.5 µg/kg and from 430.5 to 459.5 µg/kg, respectively. 
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In summary, the study provided valuable insights into the prevalence of synthetic musk compounds and 

polycyclic aromatic hydrocarbons in sewage sludge, as well as the efficacy of various bioremediation 

techniques, phytoremediation, mycoremediation including composting processes in reducing 

contaminant levels. Through a multidisciplinary approach encompassing analytical chemistry, 

environmental science, and biotechnology, the study shed light on the importance of effective 

remediation strategies for mitigating the environmental impact of sewage sludge contamination. By 

integrating findings from previous studies and leveraging innovative methodologies, the current study 

contributed to advancing knowledge in the field of environmental remediation and sustainable waste 

management  
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6. Conclusion  

 Contaminants in sewage sludge threaten the environment and living organisms due to their 

persistence and toxicity. 

 The study hypothesized that WWTP parameters and digestion technology impact SMC and PAH 

content in sewage sludge. 

 Results showed higher concentrations of SMCs and PAHs in larger WWTPs, particularly 

galaxolide, tonalide, and different classes of PAHs. 

 The concentration of most investigated PAHs in sewage sludge treated under anaerobic conditions 

was significantly higher (P < 0.05 – 0.001) compared to those treated aerobically. 

 Mycoremediation with P. ostreatus substrates achieved the most significant degradation of HHCB 

and AHTN. 

 Both LMW PAHs and HMW PAHs degraded more rapidly by P. chrysosporium, with showing the 

highest degradation rate. 

 During phytoremediation of soil-sludge treatment, AHTN, HHCB, and total PAHs significantly 

reduced (P < 0.05) compared to control, with removal rates of 44.8%, 46.3%, and 32%, respectively.  

 Plant-assisted mycoremediation treatments, especially with I. lacteus (PMR-IR) and P. ostreatus 

(PMR-PL), showed highest total PAH degradation, averaging 60% and 57%, respectively. 

 During sludge composting, the P. chrysosporium (SS-PH), B. adusta (SS-BJ), Irpex lacteus (SS-

IR), and T. versicolor's (SS-TR) treatments showed significantly higher degradation rates for 

galaxolide (32.7%-37.3%) and tonalide (31.4%-36.4%) compared to the control.  
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 LMW PAHs showed the highest degradation rates during composting (87.2% to 90.1%), while 

MMW and HMW PAHs had lower degradation percentages, ranging from 37.4% to 61.6% and 

36% to 53.2%, respectively.  

 Overall, mycoremediation treatments were most effective for AHTN and HHCB, while PAHs 

degraded best in plant-assisted mycoremediation treatments. 
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