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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 (Poluszynska 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; KodeSova 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).



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



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).



Table 1: Basic characteristic of priority polycyclic aromatic hydrocarbons

Structure | Molecular | Molecular Lo Water \anour Boiling
Compound formula weight K g Solubility rezsure point (C)
(g/mol) ™| (ugL) P
Naphthalene O CioHs 128.1 329 |317 2.97 80.26
Acenaphthene | (| Cife 1542 398 |193 3.66 %
Acenaphthylene | 7y | €28 | 150 407 |3.93 1.4 265-275
phthy o
Fluorene CizH1o 166.2 418 |1.68-1.98 |3.86 295
Anthracene CiaH1o 178.2 4.45 |76 4.15 218
H 100
Phenanthrene Crabhio 178.2 445 |1.2 4.15
Fluoranthene " CieHo 1 509 26 49 |200260 | 458 375
gag
OO CieH10 156
Pyrene 202.3 488 |77 4.58
y ()
Benz[a]anthrace [ ) | CaoH12 158
ne ) 228.2 561 |10 53
Chrysene TS |z 2283 59 |28 5.3 234
Benzo[a]pyrene CaoHiz | 9553 6.06 |23 5.74 179
rI_?:r?ezo[b]fluorant OO“O C2oH12 959 3 6.04 |12 5.74 168.3
rI_?eer:lezo[k]fluorant % 0® CaoH12 257 3 6.06 | 076 574 215.7
Indeno[1,2,3- (1L | CooHi2 530
dloyrens 276.3 6.58 | 62 6.2
- CaoH 550
eBrfe”ZO[gh']pery' O‘Q 20219763 65 | 026 6.2
Dibenz[a,h]anthr (@9 CaoH14 278.4 684 los 6.52 -
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(Patel et al., 2020)




Table 2: Basic characteristic of selected synthetic musk compounds

Molecular Molecular Lo water vapor Boiling

Compound Structure formula weight K g solubility | pressure | point (°C at

(g/mol) ow (Mg/L) (Pa) 760 mmHg)
Cashmeran
(DPMI) I:C;ﬁ:i% CieH220 | 206 49 |- - 286.1
Celestolide
(ADBI) @ CirH240 | 244 6.6 0.22| 0.0192 309.1
Phantolide o
(AHMI) *@j} Ci7H2O | 244.4 6.7 0.25| 0.0196 336.6
Musk R
ambrette 812H16N2 268.3 371 - i 369.3
(MA) — °
Traseolide
e ;@% CisH2s0 | 258 6.3 0.09| 00091 350
Galaxolide
(HHCB) "é@@% CisHaO | 258.4 5.9 1.75| 0.0707 326.3
Tonalide
(AHTN) mﬁ’ CisHosO | 258.4 5.7 1.25| 0.0608 356.8
Musk ketone |[._-" I C1aH1sN>
(MK) — o 294.3 43| - - 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.




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 Yyear, 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). PAHSs 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).
PAHSs 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 PAHSs in
the sludge samples, resulted with high concentrations of ). 16PAHs in sludge samples ranged from
0.56—230 mg/kg dw. Similarly, Poluszynska et al. (2017) reported higher concentration of the > 16
PAHSs 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, XPAHs concentration ranging from 0.96 to 17.5 mg/kg dw. Several PAHSs, 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 PAHSs 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 PAHSs, CI-PAHSs, Br-PAHs and O-PAHSs 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 pg/kg dw, respectively. In anaerobic digestion, the concentrations

were slightly higher, measuring 209, 182, 1,400, 28,400, 8,020, 78.2, and 116 pg/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 ug/L, while tonalide concentrations
varied from <0.05 pg/L (LOQ — limit of quantification) to 0.44 ug/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 XPAHs in the soil from wastewater irrigated field
in which the concentration of PAHs were increased after 5 months of irrigation to 365.2 ug/kg dw
at 0-10 cm depth from the initial concentration of 120.0 pg/ kg dw. However, according to Zhang
et al. (2017), the total concentration of 16 PAHSs in soils irrigated with wastewater ranged from
103.3 to 479.3 ng/kg dw, which was relatively similar values with the control soil irrigated with
groundwater, where the values ranged from 140.5 to 418.3 ug/kg dw. Among these, the four most
dominant PAHs were naphthalene (110.2 pg/kg dw), phenanthrene (30.7 pg/kg dw), fluorene (14.6
ug/kg dw), and benzo(b) fluorathene (25.1 pg/kg dw). Soils irrigated with wastewater ranged from
1,503 to 3,369 pg/kg dw, which was significantly higher than the control soil containing 1,304
ng/kg dw. At a different site, the control soil initially had 2,687 pg/kg dw of > 16 PAHs. However,
after irrigating with wastewater, the PAH concentrations increased to a range of 2,954 to 6,892

pg/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 pg/kg dw) compared to galaxolide (2.0 pg/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 pg/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 PAHSs in agricultural soil following the
application of sewage sludge. The impact of sewage sludge on soil PAHs content indicates that
depending on the PAHSs content in the sludge and the initial PAHSs level in the soil, the addition of
sewage sludge can lead to a significant increase in soil PAH content. Pulkrabova 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 pg/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 216 PAHs, ranging from 32% to 94%. The initial
PAH concentration in the control soil was measured at 216 pg/kg dw.

Additionally, the concentration of PAHSs 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 pg/kg dw of total PAHs
concentration, which were significantly higher than the control soil, which had PAHSs
concentration only 8 pg/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
pa/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 ug/kg dw. Galaxolide
and tonalide were found in concentrations 341 and 88 pg/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 pug/kg dw.
All nitro musk compounds are not usually detected in sewage sludge amended soil.

A study conducted by Dominguez-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 pg/kg dw, not detected to 2.9 pg/kg dw, and <0.1 to
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7.2 ng/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 pg/kg dw, while tonalide concentrations ranged from 0.7 to
29.0 pg/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 PAHSs 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 PAHSs could be toxic to terrestrial organisms (Balk and Ford, 1999; Chen et al., 2012; Nam et
al. 2015), microorganisms in the soil (LiZe 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 PAHSs, including fluorene, anthracene, phenanthrene,
fluoranthene, and pyrene. Among the tested PAHSs, only two, fluorene and phenanthrene, exhibited
toxicity. The LCso (median lethal concentration) and LCgs (lethal concentration for 95%) values
for fluorene after 72 hours of exposure were 394.1 ug/L and 789.7 pg/L, respectively. For
phenanthrene, the corresponding LCsg and LCogs values after 72 hours of exposure were 114.0 ug/L
and 176.1 pg/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
PNEConalide =PNECgalaxolide =71.0 pg/kg dw, and PNECmusk ketone =320 pg/kg dw in the
sediments and soil. The HQmean (hazard quote) were 0.037 and 0.032 for galaxolide and tonalide
(Homemeet 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 pg/kg dw and 6000 pg/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 PAHSs 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 LiZe 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 PAHSs 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 PAHSs, 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 PAHSs are mutagenic, carcinogenic, teratogenic, and immunotoxic to living organisms,
including microorganisms, animals, and humans (Bolden et al., 2017). Extensive studies have
demonstrated that PAHSs 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 PAHSs, 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 H>O> 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

21



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 EC1o 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 EC1 (Effective concentration at 10%) values of
galaxolide and tonalide were nearly two orders of magnitude lower than the ECs (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 (ECso) 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 X16 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 PAHSs
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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 PAHSs. 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 CO». 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 (Novotny et al., 2000).
Many soil fungi showed the ability to thrive, develop, and reproduce while also possessing the
capability to degrade PAHSs. 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 pg/kg dw in tomato fruits and grew up in compost amended soil. Galaxolide was
found comparatively with a higher concentration of 68 pg/kg dw. Only musk ketone were found
from nitro musk compounds with the concentration of 1.3 pg/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 pg/kg dw,
celestolide: 0.02-0.05 pg/kg dw, galaxolide: 3.7— 4.6 pg/kg dw, tonalide: 0.4-0.6 pg/kg dw, musk
xylene: 0.1 pg/kg dw) and in sugar beet leaves (cashmeran: 0.1-0.2 pg/kg dw) (Fussell et al.,

2014).
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Galaxolide was detected at concentrations of up to 346 pg/kg dw, while tonalide was detected
at a concentration of up to 283 pg/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 pg/kg dw as well as detected in the seeds with a concentration up to 4.5 pg/kg dw. While in
the other study by Calderdn-Preciado et al. (2011), tonalide and galaxolide were detected in apple
tree leaves with concentration of 0.04 and 0.057 pg/kg dw, respectively. Alfalfa accumulated 0.024
and 33.8 pg/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 ug/L, respectively.

Tonalide and galaxolide were detected at concentrations of 0.9 and 0.5 pg/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 PAHSs, 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 PAHSs in the wheat from sewage sludge amended soil at varying rates (5, 10, 20,
and 40 t/hal/year), resulted in concentration increase of sum of 16 PAHs in both wheat roots and

shoots. The values ranged from 166 to 700 pg/kg dw for roots and 110 to 260 pg/kg dw for shoots.
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However, interestingly, the PAH contents in the grains (81.2-95.2 pg/kg dw) did not show any
statistically significant differences among the different application rates. In a study conducted by
Paraiba et al. (2010), the bioconcentration of 16 PAHSs in plants was investigated, specifically in
corn grains. The bioconcentration factor (BCF) of these PAHSs 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 Lu 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 (Poluszynska 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
pg/kg dw compared to 5,000 pg/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.

Poluszynska et al. (2017) investigated the degradation of sum of >16 PAHSs 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 (3.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[lll1]/CaO-conditioned sludge, respectively. Lu 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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PAHSs. 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 (3 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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ARTICLE INFO ABSTRACT

Keywords: Concentration of 16 polycyclic aromatic hydrocarbons (PAHs), 7 polychlorinated biphenyls (PCBs), and 11

V‘{asteYVﬂter management organochlorine pesticides (OCPs) in sewage sludge from 40 wastewater treatment plants (WWTPs) was inves-

;‘:"5"1“‘15 tigated. Relationship between pollutant sludge contents, main WWTP parameters and type of sludge stabilisation
reening

was carefully evaluated. Average load of PAHs, PCBs, and OCPs in different sludges from Czech Republic was
3096, 95.7 and 76.1 pg/kg dry weight, respectively. There were moderate/strong correlations among the indi-
vidual tested pollutants in sludge (r = 0.40-0.76). Relationship between total pollutant contents in sludge,
common WWTP parameters and sludge stabilisation was not evident. Only individual pollutants such anthracene
and PCB 52 correlated significantly (P < 0.05) with biochemical oxygen demand (r = —0.35) and chemical
oxygen demand removal efficiencies (r = —0.35), suggesting recalcitrance to degradation during wastewater
treatment. When sorted according to the design capacity, a linear correlation between WWTP size and pollutant
contents in sludge was evident with growing WWTP capacity. Our study indicated that WWTPs with anaerobic
digestion are prone to accumulate a statistically higher content of PAHs and PCBs (P < 0.05) in digested sludges
compared to aerobically digested ones. The influence of anaerobic digestion temperature of treated sludge on
tested pollutants was not evident.

Organic contaminants
Concentration

1. Introduction POPs are a group of organic compounds that have been intentionally

or inadvertently produced and introduced into the environment. Major

Sewage sludge is considered a by-product of wastewater treatment
plants (WWTPs). It comes from the mechanical, chemical, and biological
treatment of both domestic and industrial wastewater (Shen et al.,
2007). Apart from being considered waste, sewage sludge can be seen as
a valued sink of organic matter and nutrients, especially nitrogen and
phosphorus as it has been shown that its application to soil can signifi-
cantly improve the nutrient status and soil fertility (Dijk et al., 2016;
Singh and Agrawal, 2008).

Unfortunately, WWTP processes lead to the accumulation of unde-
sirable microorganisms (Goberna et al., 2018), inorganic contaminants
(Jones et al., 2014), and especially a wide range of persistent organic
pollutants (POPs) in the sludge which can pose a serious threat to the
environment (Dai et al., 2007; Stevens et al., 2003; Suciu et al., 2015;
Fijalkowski et al., 2017).
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concerns about POPs are connected to their environmental persistence,
long-distance transportability, and accumulation in plants and animals,
including in top species of the food chain (Xu et al., 2013). Nowadays,
POPs are ubiquitous in the environment, with possible adverse effects on
biota because of their toxicity (Roig et al., 2012). Among the main POPs
are polycyclic aromatic hydrocarbons (PAHs) derived from the incom-
plete combustion of organic matter. Also, there are industrially pro-
duced polychlorinated biphenyls (PCBs) and organochlorine pesticides
(OCPs) including a wide range of compounds (Blanchard et al., 2004;
Jaspers et al., 2014). Due to their lipophilic properties, these compounds
have been found in many highly fatty foods such as meat, eggs, and milk
products, and the carcinogenic risks of these compounds have been
described (Passuello et al., 2010). The recycling potential of the pro-
duced sludge in agriculture is weakened by the high content of PAHs,
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PCBs, and OCPs often found in this material, which clearly poses a threat
to the environment, as has been reported in several soil application
experiments (Bright and Healey, 2003; Harrison et al., 2006; Olofsson
etal, 2013; Sun et al,, 2019, Legislative limits of PAHs, PCBs, and OCPs
in sludge for soil application are set differently in many countries
(Wisniowska et al., 2019).

A number of previously published research articles have shown the
flow of persistent pollutants across the whole WWTP system and
described that selected POPs are removed from wastewater only due to
the sorption of compounds by the particulate matter present in sewage
during wastewater treatment (Aemig et al., 2006; Katsoyiannis and
Samara, 2005; Wang et al., 2013). Novel approaches to the removal of
resistant organic pollutants from wastewater have been intensively
studied. For instance, Ighalo et al. (2022) summarised using
nano-adsorbents for the elimination of POPs from wastewater using
adsorption processes, and Samuel et al. (2022) reviewed the oxidation of
organic contaminants from oily wastewater using photocatalytic mem-
brane reactors, Derco et al. (2015) showed significant removal of
organochlorine pesticides from wastewater by the combined process of
ozone with zero-valent iron nanoparticles and Feng et al. (2021)
described the role of enzymes and many enzymatic applications for POP
removal in different types of wastewater treatment. Nevertheless, the
relationship between the technological parameters used for WWTPs
under real conditions and the content of organic pollutants in the
resulting sewage sludge remains unclear.

This work hypothesises that the accumulation of PAHs, PCBs, and
OCPs in the sludge can be affected by the applied WWTPs parameters
and the technology of sewage sludge stabilisation, The main objectives
of this work were to determine the current PAH, PCB, and OCP con-
centrations in the sewage sludge from 40 different WWTPs and to
investigate if the contents are influenced by the current technological
parameters of WWTPs.

2. Material and methods

2.1. Description of sampled wastewater treatment Plants and sludge
samples

Sewage sludge (n = 40) was sampled during the summer of the years
2017-2019 from 40 different Czech wastewater treatment plants. In this
study, the designed capacity of respective WWTPs described by the
population equivalent (PE) was grouped as follows: small (<50,000; n =
21), medium (50,000-100,000; n = 11), and large (>100,000; n = 8).
According to the technology of sludge stabilisation, they were divided
into two main groups, aerobic digestion (n = 27) and anaerobic ones (n
=13), to evaluate the applied WWTP technology on the concentration of
PAHs, PCBs, and OCPs in sludges. Further, the sludges were divided
according to the temperature of anaerobic digestion into mesophilic and
thermophilic sub-classes. Sludge stabilisation times (age) of sampled
facilities were <1-50.2 days for aerobic digestion, 10-48 days for
mesophilic anaerobic digestion, and 26.3-60 days for thermophilic
anaerobic digestion. The investigated WWTPs™ parameters, stabilisation
technology and their properties given by the operators of WWTPs are
summarised in Tables S1-a. The raw influent of the sewer system of
investigated WWTPs usually was a mix of sewage (domestic and
municipal) and surface runoff water. If the sewer system of the WWTP
was connected to some specific type of industry, it is shown in
Tables S1-b. Sewage sludge samples and WWTP technological param-
eters were provided by WWTP operators only under the condition of
anonymity; therefore, the exact locations of individual WWTPs in the
Czech Republic cannot be shown. Data provided by WWTP operators
and WWTP locations are subjected to anonymity. Therefore, only 29
WWTPs provided the main information on the wastewater treatment
processes (Tables S1-b).

Sludge samples (~10 kg fresh weight) were obtained from each
WWTP by thoroughly mixing randomly taken subsamples (n = 10) and
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transporting them to the laboratory (—4 °C). From the homogenised
sludge samples, two sample replications were made for further investi-
gation. Samples were then dried by a freeze dryer (Labconco Corpora-
tion, USA), milled to a fine powder with an analytical mill (IKA®-Werke
GmbH & Co. KG, Germany), and stored in a freezer before further an-
alyses. The physicochemical characteristics of 40 tested sludge samples
are shown in Table 52,

2.2. Chemicals and materials

The name, CAS number, and molecular and structural formulas of
the individual 16 PAHs, 7 PCBs, and 11 OCPs are given in Tables 53, 54,
and S5. Analytical standards of PAHs (PAH Mix 16), PCBs (PCB Mix 7),
OCPs (Pesticides Mix 10), and hexachlorobenzene each at 100 pg/mL in
cyclohexane, were purchased from Neochema (Bodenheim, Germany).
Internal standards (Table S6) of naphthalene-dg, acenaphthene-dg,
phenanthrene-d;o, chrysene-d;s, perylene-d;» (PAH Mix deuterated),
alpha hexachlorocyclohexane-dg (alpha HCH-dg), 2,3,4,5,6-penta-
chlorobiphenyl-ds (PCB-ds), and 1,1,1-trichloro-2,2-bis(4-chlor-
ophenyl)ethane-dg (DDT-dg) each at 100 pg/mL in cyclohexane, and a
surrogate standard (Table 57) of p-terphenyl-di4 at 1000 pg/mL in
dichloromethane were purchased from Restek (B/N surrogate mix,
USA). Analytical graded n-hexane and dichloromethane were used (95+
Pestapur, Chromservis, Czech Republic). Solid-phase silica extraction
cartridges (Strata SI-1, Phenomenex, USA) were used for the extract
purification.

2.3. Extraction of PAHs, PCBs, and OCPs

The PAHs, PCBs, and OCPs were extracted from 1.00 g of sludge
samples using a surrogate standard (Table 57) with 20 mL acetone/n-
hexane (1:1, v/v) by the ultrasonication method previously described
by Kosnar et al. (2021). The collected extracts were concentrated to near
dryness using a Biichi rotavapor (Switzerland) at 40 °C, then
re-dissolved with 1 mL of n-hexane for further purification using silica
SPE cartridges. First, the SPE cartridges were conditioned using 10 mL of
hexane-dichloromethane (3:1, v/v). After loading with 1 mL of sample
extract, the cartridge was washed with 10 mL of hexane followed by
elution with 10 mL of n-hexane-dichloromethane (3:1, v/v). The eluate
was evaporated to a near dryness and reconcentrated to 1 mL with
n-hexane. After the addition of internal standard (Table 56) solution at
500 pg/L, it was analysed for PAHs, PCBs, and OCPs.

2.4. GC-MS/MS analysis

Analysis of 16 PAHs, 7 PCBs, and 11 OCPs was carried out using the
7000D Triple Quadrupole GC-MS/MS (Agilent Technologies, USA)
coupled with PAL RTC (Switzerland). The tested compounds were
separated by a 30 m-long chromatography capillary column with 0.25
mm inner diameter and 0.25 pm film thickness (Restek-XLB, Bellefonte,
USA). A volume of 2 pL of sample extract was injected in the splitless
mode regime. More detailed conditions are described in previous study
by Kosnar et al. (2021). The dynamic multiple reaction monitoring mode
was used to quantifying of target compounds. MS/MS transitions,
collision energies, and the internal standard used for the quantification
of the respective compounds are shown in Table S8. The eight-point
calibration curve of individual compounds in n-hexane ranged from
0.5 ng/mL to 1000 ng/mL with R? higher than 0.992 for all analytes.
Detection limits of PAHs, PCBs, and OCPs (1-2 pg/kg dw) are shown in
Table 59 as well as analyte recoveries from spiked blank samples
(43-108%) and spiked sewage sludge samples (70-107%) at three
concentration levels (100-300 ng/ml). The average recoveries of tested
pollutants from sewage sludge were 90 -+ 10% of 16 PAHs, 88 + 5% of 7
PCBs, and 83 =+ 6% of 11 OCPs. Alongside each sample batch, calibra-
tion, procedural blanks, and check samples in n-hexane were done, All
analytes in the blanks were below the detection limit. In this study,
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average recovery of p-terphenyl-d;4 from spiked sludge samples was
94% and the results were adjusted for efficiency.

2.5. Data evaluation and statistical analyses

The group of 16 PAHs represents the total sum of 16 US EPA PAHs
(Table §3). The 7 PCB are the sum of 7 US EPA PCBs (Table 54), and 11
OCPs is the sum of 11 individual OCPs (Table S5). To elucidate the effect
of WWTP technologies on compounds with similar physicochemical
properties, the total PAHs were divided into three fractions according to
their molecular weight and number of rings: i) low molecular weight
(LMW) PAHSs (the sum of naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, and anthracene); ii) medium molecular weight
(MMW) PAHs (the sum of fluoranthene, pyrene, benzo[a]anthracene,
and chrysene); and iii) high molecular weight (HMW) PAHSs (the sum of
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, dibenzo
[a,h]lanthracene, indeno[1,2,3-cd]pyrene, and benzo[g,h,ilperylene).
The OCPs were sorted into groups of HCH isomers and DDT congeners
(isomers/metabolites) according to the sum of respective compounds.

Normal distribution of data was checked by Kolmogorov-Smirnov,
Lilliefors, and Shapiro-Wilk tests. When the data followed the assump-
tions of normality, a paired samples (PS) t-test, to observe significant
differences (P < 0.05) between two groups, and a one-way ANOVA
followed by a post hoc Tukey’s HSD test was used to determine signif-
icantly differences (P < 0.05) between three or more groups. When the
data were not normally distributed, Mann-Whitney U (M-W U) and
Kruskal-Wallis H (K-W) tests (P < 0,05) were applied. Pearson product-
moment correlation was conducted to elucidate the effect of the main
WWTP technologies on the content of PAHs, PCBs, and OCPs in sludge
samples. Sample size requirements n = > 25 for estimating Pearson
correlations according to Bonett and Wright (2000) met the criteria as
the correlation analyses were performed from 40 sludge samples. The
strength of the correlation was evaluated according to Evans (1996) as
follows: 0.00-0.19 very weak, 0.20-0.39 weak, 0.40-0.59 moderate,
0.60-0.79 strong, and 0.80-1.00 very strong. SigmaPlot 14.5 (Systat
Software, USA), Statistica 12.0 (StatSoft, USA) and Excel 2010 (Micro-
soft Corporation, USA) were used for statistical analysis and figures.

3. Results and discussion

3.1, Current state of persistent pollutants in sewage sludge in the Czech
Republic

The occurrence of the total sums of PAHs, PCBs, and OCPs present in
the 40 samples from different WWTPs can be seen in Table 1. The
average PAH content sorted by the molecular weight and quantity of
benzene molecules in the compound occurred in sewage sludge samples
in the following order: HMW PAHs = MMW PAHs > LMW PAHs. This
was expected as PAHs with a low molecular weight can volatilise from
sludge more easily than those of medium and high molecular weight,
which contain more than three benzene rings (Nas et al., 2020), The
total amount of the 16 PAHs in sewage sludge was in the range
526-9718 pg/kg dw which was consistent with many other studies
where the sludges were collected in WWTPs using similar wastewater
treatment processes such as activated sludge in secondary treatment
with further anaerobic/aerobic sludge stabilisation (Dai et al., 2007;
Jones et al., 2014; Nas et al., 2020; Peréz et al., 2001; Shen et al., 2007).
Much smaller amounts of the 16 PAHs in biologically treated sewage
sludge (n = 35) were reported by Suciu et al. (2015), Contradictory to
our results, higher amounts of the 16 PAHs have also been previously
reported (Cai et al., 2007; Ning et al., 2014; Stevens et al., 2003; Sun
et al.,, 2019) and Hua et al. (2008) found a PAH content in Chinese
sludges from 33,000 to 83,000 pg/kg dw,

An evaluation of individual PAHs, PCBs, and OCPs found in sewage
sludge is shown in Table 510, All 16 PAH compounds were present in
each sewage sample tested. They were within a wide range, from 2.10
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Table 1
Evaluation of PAHs, PCBs, and OCPs present in 40 sewage sludge samples from
different WWTPs.

Compounds n > Average SD Median Min Max cvV

MDL  (pg/kg (pg/kg (ng/ (pe/ (%)
dw) dw) kg kg
dw) dw)
LMW PAHs 40 137 138 90.0 267 697 101
MMW 40 1592 1135 1308 301 4486 71
PAHSs

HMW PAHs 40 1367 1153 1023 173 4688 84
16 PAHs a0 3096 2328 2454 527 9718 75
7 PCBs 40 95.7 104 72.7 105 588 109
HCHs 23 14.6 9.20 141 1.20 350 63
DDTs 40 62.4 63.0 47.4 12.9 419 101
11 OCPs 10 76.1 70.6  66.3 179 481 93

n > MDL = number of samples in which the compound was detected; MDL =
method detection limit; SD = standard deviation; CV = coefficient of variation;
LMW PAHs (low molecular weight PAHs) = sum of naphthalene, acenaph-
thylene, 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[ah]anthracene, indeno[1,2,3-cd]
pyrene, and benzo[g,h,i]perylene; 16 PAHs (total sum PAHs) = sum of LMW,
MMW, and HMW PAHs; 7 PCBs = sum of PCB 28, PCB 52, PCB 101, PCB 118,
PCB 153, PCB 138, and PCB 180; HCHs = sum of alpha, beta, gamma, and delta
hexachlorocyclohexane isomers (HCH); DDTs = sum of 2,4’-DDE, 4,4'-DDE,
2,4-DDD, 2,4-DDT, 4,4'-DDD, and 4,4-DDT congeners; 11 OCPs = sum of HCH
isomers, DDT congeners, and hexachlorobenzene (HCB).

ng/kg dw of acenaphthene to 3077 pg/kg dw of benzo[a]anthracene.
Our average content of carcinogenic benzo[a]pyrene of 190 pg/kg dw
was lower than that described elsewhere (Mailler et al., 2014; Vacha
etal., 2006). Only the congeners PCB 138 and PCB 153 were observed in
all 40 sludge samples tested but the average amount did not exceed 22.0
pg/kg dw. Each of the OCPs was also found in small amounts and the
detection of alpha HCH in sludge samples was very rare.

The Stockholm Convention on Persistent Organic Pollutants is an
international environmental treaty signed in 2001 which eliminates or
restricts the production and use of 12 selected POPs; it became effective
in the Czech Republic in 2004, Despite the banning of many compounds
driven by the Stockholm Convention, relatively high amounts of most
PCBs and OCPs can still be found nowadays in sewage sludge. Average
amounts of the 7 PCBs and 11 OCPs did not exceed 100 pg/kg dw; the
highest content was 481 and 587 pg/kg dw, respectively, which was
unexpected as the use of PCBs was restricted worldwide from the middle
of 1980s (US EPA, 2022), Many previous studies (Katsoyiannis and
Samara, 2005; Mailler et al., 2014; Olofsson et al., 2013; Stevens et al.,
2003) reported similar amounts of PCBs, but reports of lower amounts of
indicator PCBs in sewage sludges have also been published by many
other authors (Aparicio et al., 2009; Guo et al., 2009). The contents of
hexachlorobenzene (HCB) and selected congeners of HCH and DDT in
this study were comparable with those reported by Katsoyiannis and
Samara (2005), In this study, the average total amount of the 11 OCPs
was 76.1 ug/kg dw; almost 82% were DDT congeners, and the rest were
HCB and HCH isomers,

Among the determined POPs, the threshold values given by the
proposed Czech directive (Public Notice, 2016; Vacha et al., 2007) were
exceeded twice in the case of the 16 PAHs (>>10,000 pg/kg dw) and once
in the case of the 7 PCBs (=500 pg/kg dw) which indicated that most of
the sludges could be recycled in agriculture. When comparing the total
amounts of PAHs in Czech sludge over time within the gap of nearly 20
years, the average amount of the 16 PAHs decreased from 6827 pg/kg
dw (n = 45) published by Viacha et al. (2005) to 3095 pg/kg dw (n = 40)
in the current study. This might be related to the fact that forming of
PAHSs in the Czech environment decreased with time, probably due to
the introduction of a low-emission technology in industry. Therefore, a
lower amount could reach the sewerage. Further, the content of PCBs
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and OCPs was not dramatically changed when compared to the report of
Vacha et al. (2005), which supports their persistence in the
environment.

3.2. Correlation analysis among persistent organic pollutants in sludge

The correlation analysis among PAHs in Table S11 shows a very
strong correlation among most of the individual PAHs in sewage sludge
(P < 0.001), except for naphthalene and acenaphthene, with MMW and
HMW PAHs. The same was true for the 7 indicator PCBs except for
congener PCB 101, as presented in Table S12. Comparable correlation
coefficients were obtained in many previous other studies (Hua et al.,
2008; Sun et al., 2019). In the case of the 11 OCPs in Table S13, the
correlation between HCB and selected DDT congeners was very strong (r
= 0.86, P < 0.001). Pearson correlation coefficients (r) of PAHs, PCBs,
OCPs, and respective pollutant groups of 40 sludges are given in Table 2.
PAHs which were sorted according to their molecular weight and
number of benzene rings, were correlated in sewage sludge, with cor-
relation coefficients in the range from 0.43 (P < 0.01) to 0.95 (P <
0.001). This suggests that individual PAHs with different molecular
weights are accumulated equally in sewage sludge, as also indicated
elsewhere (Hua el al., 2008). A moderate positive correlation was found
between the total sum of PAHs and PCBs (r = 0.54, P < 0.001), and the
correlation between PAHs and the total sum of DDT congeners (r = 0.40,
P < 0.05) indicated the wide extent of the tested contaminants across the
environment. Moreover, a strong correlation was found between the
total sum of DDT congeners and the 7 PCBs (r = 0.76, P < 0.001). That
significant correlation was not expected as PCBs were used more
frequently in areas with heavy industry than in agriculture or rural re-
gions. This could support their ubiquity in the environment even though
they have been restricted for decades.

3.3. Relationship between persistent organic pollutants content in sludge
and WWTP parameters and sludge stabilisation

Pearson correlation analysis was also conducted to understand the
effect of basic WWTP technological parameters on the concentration of
POPs in the 40 sewage samples tested (Tables S14-517). Coefficients (r)
derived from these analyses (Table 3) showed only a weak negative
correlation between acenaphthylene and wastewater load percentage
and a positive one with the wastewater hydraulic retention time of
WWTPs. Prior to the data evaluation, it could be assumed that waste-
water hydraulic retention time in WWTP and the retention time of
sewage sludge in the stabilisation segment of WWTP would be crucial
parameters to influence the occurrence of POPs in sewage sludge. Un-
fortunately, the correlation tests revealed no relationship between
investigated parameters and POPs sludge concentration. Man et al.

Table 2
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Table 3

Pearson product-moment correlation coefficients (r) for selected persistent
organic pollutants, total sum of 16 PAHs, 7 PCBs, 11 OCPs, and main techno-
logical parameters of WWTPs derived from Pearson’s correlation analysis of 40
sludge samples.

Variables ACY ANT PCB52 16 7 11
PAHs PCBs OCPs

WWTP design ns ns ns ns ns ns
capacity

Wastewater load —0.39* ns ns ns ns ns
percentage

Wastewater 0.32* ns ns ns ns ns
hydraulic
retention time in
WWTP

BOD removal ns -0.38* 0.36*  ns ns ns
efficiency

COD removal ns —0.35% -0.52* ns ns ns
efficiency

Retention time of ns ns ns ns ns ns

sewage sludge in
the stabilisation

Significance of observed Pearson’s product-moment coefficients (r): * = P <
0.05, ** = P < 0.01, *** = P < 0.001; ns = not significant at « = 95%. Ab-
breviations: 16 PAHs (total sum PAHs) = sum of LMW, MMW, and HMW PAHs;
7 PCBs = sum of PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB 138, and PCB
180; 11 OCPs = sum of HCH isomers, DDT isomers, and hexachlorobenzene
(HCB); ACY = acenaphthylene; ANT = anthracene.

(2017) suggested that microbial degradation of PAHs was not prominent
in secondary treatment and removal of individual POPs was governed by
the sorption of suspended particulate matter. Nevertheless, Komolafe
et al. (2021) reported that a long hydraulic retention time in a WWTP is
not a suitable mitigation removal strategy for POPs and personal care
products in WWTP with activated sludge in secondary treatment, and for
the prediction of effluent POPs concentration is almost impractical.
Dubey et al. (2021) stated that the sorption of hydrophobic compounds
depends on the molecular weight of PAHs and the intramolecular hy-
drophobic environment for chlorinated compounds such as PCBs.

A negative, weak correlation (r = —0.38) among anthracene and
BOD and, COD was found at P < 0.05. This could suggest that the mi-
crobial treatment of wastewater partly influences anthracene concen-
tration. Further, a statistically significant negative correlation (r =
—0.52) between PCB 52 congener and COD was observed at P < 0.05.
This could indicate that the possible degradation of these pollutants
during the wastewater treatment processes is very difficult. Negative
correlation coefficients could be explained by the dilution of compounds
in sewage sludge because, with increasing the COD removal rate, higher
efficiency of organic matter conversion into sludge is expected. No sig-
nificant correlation (P > 0.05) was observed between the 11 OCPs and

Pearson product-moment correlation coefficients (r) for LMW PAHs, MMW PAHs, HMW PAHs, 16 PAHs, 7 PCBs, 4 HCH isomers, 6 DDT isomers, and 11 OCPs derived

from Pearson’s correlation analysis of 40 sludge samples.

Variables LMW PAHs MMW PAHs HMW PAHs 16 PAHs HCHs DDTs 11 OCPs
LMW PAHs 1 0.53%** 0.43%* 0.53%#* ns 0.32% 0.34*
MMW PAHs 1 0.95%** ns 0.45%* 0.43%*
HMW PAHs 1 ns 0.32*% 0.30%
16 PAHs ns 0.40*

7 PCBs 1 ns 0.76***

HCHs 1 ns

DDTs 1 :

11 OCPs 1

Significance of observed Pearson’s product-moment coefficients (r): * = P < 0.05, ** = P < 0.01, *** = P < 0.001; ns = not significant at « = 95%. 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; 16 PAHs (total sum PAHs) = sum of LMW, MMW, and HMW PAHs; 7 PCBs = sum
of PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB 138, and PCB 180; HCHs = sum of alpha, beta, gamma, and delta hexachlorocyclohexane isomers (HCH); DDTs =
sum of 2,4'-DDE, 4,4'-DDE, 2,4'-DDD, 2,4'-DDT, 4,4'-DDD, and 4,4'-DDT congeners; 11 OCPs = sum of HCH isomers, DDT congeners, and hexachlorobenzene (HCB).
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WWTP parameters, as shown in Table 3.

In his review, Stasinakis (2012) published that another group of
organic pollutants, endocrine disruptors in sewage sludge, are often
correlated with the concentration of respective compounds in influent
wastewater and could be affected by the physicochemical properties of
target compounds, sludge characteristics, and the operational parame-
ters of WWTP. In a comprehensive view, our correlation analyses used
the technology of 40 different WWTPs and PAHs, PCBs, and OCPs
demonstrated no relevant correlations at P < 0.05. This lack of corre-
lations could reflect the general resistance of these compounds to be
transformed or degraded by the physicochemical/biological processes
during wastewater treatment in WWTPs. Therefore, the concentration of
these pollutants in the resulting sewage sludge is not mainly affected by
the technological parameters of WWTPs investigated in Table 3. A
previous study of antibiotic residues in sewage sludge by Dubey et al.
(2021) also found no correlation between the occurrence of these
micropollutants and WWTP capacity, processing volume, and PE. Jones
et al. (2014) suggested that the majority of POPs are adsorbed onto
dissolved solid particles of wastewater, and they accumulate in sludge as
the difference between pollutants concentrations in the influent/ef-
fluent. POPs in sludge could persist for a long time. The environmental
persistence of studied POPs varies with their physicochemical charac-
teristics, molecular weight, or degree of halogenation in the case of
PCBs. According to the Annex D of the Stockholm Convention, POPs
degradation half-life of 60 days (water) or 180 days (soil, sediment) is
presumed. In general, POPs could have a half-life of years or decades in
soil/sediment (Scheringer et al., 2012). Wiodarczyk-Makula (2012)
determined half-life of PAHs up to 2048 days for benzo(a)pyrene in
digested sludge from a municipal WWTP.

3.4. Changes of persistent organic pollutants in sludge in relation to the
designed WWTP capacity

Despite to no correlation being found between the concentration of
selected POPs and WWTP design capacity, as shown in Table 3, when the
latter is compared with the content of POPs in sewage sludge a clear
increasing trend can be seen. Except for naphthalene, the average con-
tent of other PAHs differed according to the suggested WWTP design
capacity groups (Fig. 51). Statistically significant (P < 0.05) differences
in the content of every given PAH compound, except for naphthalene,
were found when comparing WWTPs capacities. The content of some
MMW and HMW PAHs such as benzo[alanthracene, chrysene, dibenzo
[a,h]anthracene, indeno[1,2,3-cd]pyrene, and benzo[g,h,ilperylene
was significantly higher (P < 0.05; Tukey's HSD/K-W test) in the
sewage sludge from medium and large WWTPs,

Similar trends to those described above were observed for the 7 in-
dicator PCBs (Fig. 52). All of the individual HCH congeners including
HCB, 2,4-DDE, and 4,4-DDD were distributed similarly in sludge
samples with the designed WWTP capacity (Fig. S3) as there were no
significantly different results (P > 0.05; K-W test). The highest content
(P < 0.05; Tukey’s HSD/K-W test) of 4,4'-DDE, 2,4’-DDD, 2,4'-DDT, and
4,4-DDT congeners (Fig. 53) in sludge from small or medium WWTPs
could reflect the fact that DDT was frequently used in agricultural areas
in the past where small or medium WWTPs now operate.

When PAHs were plotted against the PEs of each WWTP by Stevens
et al. (2003), they found no relationship. In our study the content of
LMW, MMW, and HMW PAHSs, and 16 PAHs (Fig. 1) and 7 PCBs (Fig. 2)
in sewage sludge gradually increased as the design capacity of WWTPs
enlarged. This correlation may suggest that the concentration of these
organic pollutants in sewage sludge tends to be higher in WWTPs in
urban areas than in non-urban areas, as was also proposed by Wluka
et al. (2021). The contents of all PAH groups (Fig. 1) were statistically
higher (P < 0.05; K-W test) in sludges from large treatment plants in
comparison to the small ones, but when compared to medium WWTPs,
the PAH amounts were comparable (K-W test), The same was true for
the total sum of the 7 PCBs in sewage sludge (Fig. 2). There were no
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Fig. 1. Average content of LMW PAHs, MMW PAHs, HMW PAHs, and 16 PAHs
in sewage sludge samples in relation to the designed capacity of WWTP
expressed by population equivalent (PE).

PE - population equivalent: <50,000 (small WWTP; n = 21), 50,000-100,000
(medium WWTP; n = 11), and >100,000 (large WWTP; n = 8). Different letters
indicate significant differences (P < 0.05) between tested groups of WWTPs for
each respective PAH. Lowercase letters indicate difference by K-W test. Ab-
breviations: 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 [blfluoranthene,
benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene, indeno[1,2,3-
cd]pyrene, and benzo[g,h,i]lperylene; 16 PAHs (total sum PAHs) = sum of
LMW, MMW, and HMW PAHs.
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Fig. 2. Average content of 7 PCBs, HCH isomers, DDT congeners, and 11 OCPs
in sewage sludge samples in relation to the designed capacity of WWTP
expressed by population equivalent (PE).

PE - population equivalent: <50,000 (small WWTP; n = 21), 50,000-100,000
(medium WWTP; n = 11), and 100,000 (large WWTP; n = 8). Different letters
indicate significant differences (P < 0.05) between tested groups of WWTPs for
each respective PAH. Lowercase letters indicate difference by K-W test. ns
denotes no significant difference between WWTP groups at P < 0.05. Abbre-
viations: 7 PCBs = sum of PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB
138, and PCB 180; HCHs = sum of alpha, beta, gamma, and delta hexa-
chlorocyclohexane isomers (HCH); DDTs = sum of 2,4'-DDE, 4,4-DDE, 2,4'-
DDD, 2,4'-DDT, 4,4'-DDD, and 4,4'-DDT congeners; 11 OCPs = sum of HCH
isomers, DDT isomers, and hexachlorobenzene (HCB).

significantly different (P > 0.05; K-W test) results for the content of the
11 OCPs, HCHs, and DDT congeners in sludges in relation to the
designed capacity of WWTPs (Fig. 2), which indicates a similar distri-
bution of these pollutants in the environment of Czech Republic.

3.5, Content of persistent organic pollutants in sludge in relation to the
type of sludge stabilisation

Anaerobic and aerobic digestion, which have been widely studied,
are the most common processes for treating sewage sludge from WWTPs,
However, a comparison of accumulated persistent compounds in sludges
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from these treatments still remains ambiguous (Katsoyiannis and
Samara, 2005). The content of individual PAHs, PCBs, and OCPs in
sludges in relation to the biological stabilisation method of the digested
sludge is evaluated in Figs. S4-56. In many previous studies (Guo et al.,
2009; Ning et al., 2014; Olofsson et al., 2013) analysing PAHs in sewage
sludges from various WWTPs, the difference between the content of
PAHs and PCBs in anaerobically/aerobically treated sludges was not
obvious. In the present study, a significantly higher (P < 0.05-0.001; PS
t-test or P < 0.05; M-W U test) amount of most of the investigated PAHs
was found in sewage sludges stabilised under anaerobic conditions
compared to the aerobically treated ones. The same was true for the 7
individual PCBs, except for congeners PCB 118 and PCB 180 (Fig. 55) as
well as compounds 2,4"-DDE and 4,4’-DDE (Fig. S6).

As shown in Figs. 3 and 4, the use of anaerobic digestion to stabilise
the sewage sludge led to the concentration of a significantly higher
content (P < 0.01/0.001; PS t-test) of all PAH groups and the total sum of
the 7 PCBs than in aerobically treated sludge. This could be caused by
the fact that PAHs are generally formed from the incomplete combustion
of fossil fuels and petroleum-based materials in households and plants
(Zhang et al., 2012) and as a consequence of increased automobile
exhaust and heavy industry (Suman et al., 2016) in very densely
populated cities or urban areas where WWTPs with anaerobic stabili-
sation commonly prevail.

Furthermore, PCBs were used in many voltage converters, capaci-
tors, and many other electrical devices (Iwegbue et al., 2022). Therefore,
their residues in anaerobically treated sewage sludge can be expected as
these sludges usually come from urban areas where medium or large
WWTPs operate using anaerobic stabilisation more frequently for eco-
nomic reasons. Another explanation was given by Komolafe et al.
(2021), who recently published that PAHs are resistant to anaerobic
degradation in the stabilisation segment of a WWTP with an up-flow
anaerobic sludge blanket reactor, while the biotransformation of aro-
matics under aerobic conditions is possible. But in our study, this hy-
pothesis could be rejected for our explanation as no relationship
between pollutant concentration in sewage sludge and biological
treatment represented by BOD was observed. Further, the opposite re-
sults were obtained in the case of selected OCPs (Fig. 4) as the content of
HCH isomers was significantly increased (P < 0.01; M-W U test) in
aerobically digested sludges. This could be explained by the fact that
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Fig. 3. Average content of LMW PAHs, MMW PAHs, HMW PAHs, and 16 PAHs
in anaerobic digested (n = 27) and aerobic digested (n = 13) sewage sludge.
* indicates significant difference between the technologies (P < 0.01; PS t-test);
** indicates significant difference between the technologies (P < 0.001; PS t-
test). Abbreviations: LMW PAHs (low molecular weight PAHs) = sum of
naphthalene, acenaphthylene, acenaphthene, and fluorene; MMW PAHs (me-
dium molecular weight PAHs) = sum of phenanthrene, anthracene, fluo-
ranthene, 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; 16 PAHs (total
sum PAHs) = sum of LMW, MMW, and HMW PAHs.
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Fig. 4. Average content of 7 PCBs, HCH isomers, DDT congeners, and 11 OCPs
in anaerobic digested (n = 27) and aerobic digested (n = 13) sewage sludge.
* indicates significant difference between the technologies (P < 0.01; PS t-test);
“* indicates significant difference between the technologies (P < 0.01; M-W U
test); ns denotes no significant difference between WWTP groups at P = 0.05.
Abbreviations: 7 PCBs = sum of PCB 28, PCB 52, PCB 101, PCB 118, PCB 153,
PCB 138, and PCB 180; HCHs = sum of alpha, beta, gamma, and delta hexa-
chlorocyclohexane isomers (HCH); DDTs = sum of 2,4’-DDE, 4,4'-DDE, 2,4'-
DDD, 2,4-DDT, 4,4-DDD, and 4,4'-DDT congeners; 11 OCPs = sum of HCH
isomers, DDT isomers, and hexachlorobenzene (HCB).

these sludges usually came from small WWTPs, which mostly operate in
agricultural areas. Therefore, we can speculate that these OCPs were
used more often there in the past. Based on these findings, their higher
abundance in stabilised sludge can be related to higher concentrations of
analysed compounds in the wastewater-feeding WWTPs and urban/-
rural WWTP environments rather than the type of sludge stabilisation.

Anaerobic digestion of the sludge of mesophilic temperature is used
in WWTPs more commonly than the treatment of thermophilic tem-
perature due to its lower process energy demand for reactor heating
(Gebreeyessus and Jenicek, 2016). WWTPs with thermophilic anaerobic
digestion of sludge are very rare in the Czech Republic; therefore, only
three sewage sludge samples were investigated in this study. When we
evaluated the mesophilic/thermophilic effect of anaerobic digestion on
the concentration of individual PAHs, PCBs, and OCPs (Figs. S7-59),
including the sums of respective pollutants (Figs. 5 and 6), no
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Fig. 5. Average content of LMW PAHs, MMW PAHs, HMW PAHs, and 16 PAHs
in anaerobic digested sewage sludge treated by 30-40 °C (mesophilic; n = 24)
and 50-60 °C (thermophilic; n = 3) temperatures.

ns denotes no significant difference between WWTP groups at P = 0.05. Ab-
breviations: 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; 16 PAHs (total sum PAHs) = sum of
LMW, MMW, and HMW PAHs.
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from these treatments still remains ambiguous (Katsoyiannis and
Samara, 2005). The content of individual PAHs, PCBs, and OCPs in
sludges in relation to the biological stabilisation method of the digested
sludge is evaluated in Figs. S4-56. In many previous studies (Guo et al.,
2009; Ning et al., 2014; Olofsson et al., 2013) analysing PAHs in sewage
sludges from various WWTPs, the difference between the content of
PAHs and PCBs in anaerobically/aerobically treated sludges was not
obvious. In the present study, a significantly higher (P < 0.05-0.001; PS
t-test or P < 0.05; M-W U test) amount of most of the investigated PAHs
was found in sewage sludges stabilised under anaerobic conditions
compared to the aerobically treated ones. The same was true for the 7
individual PCBs, except for congeners PCB 118 and PCB 180 (Fig. 55) as
well as compounds 2,4"-DDE and 4,4’-DDE (Fig. S6).

As shown in Figs. 3 and 4, the use of anaerobic digestion to stabilise
the sewage sludge led to the concentration of a significantly higher
content (P < 0.01/0.001; PS t-test) of all PAH groups and the total sum of
the 7 PCBs than in aerobically treated sludge. This could be caused by
the fact that PAHs are generally formed from the incomplete combustion
of fossil fuels and petroleum-based materials in households and plants
(Zhang et al., 2012) and as a consequence of increased automobile
exhaust and heavy industry (Suman et al., 2016) in very densely
populated cities or urban areas where WWTPs with anaerobic stabili-
sation commonly prevail.

Furthermore, PCBs were used in many voltage converters, capaci-
tors, and many other electrical devices (Iwegbue et al., 2022). Therefore,
their residues in anaerobically treated sewage sludge can be expected as
these sludges usually come from urban areas where medium or large
WWTPs operate using anaerobic stabilisation more frequently for eco-
nomic reasons. Another explanation was given by Komolafe et al.
(2021), who recently published that PAHs are resistant to anaerobic
degradation in the stabilisation segment of a WWTP with an up-flow
anaerobic sludge blanket reactor, while the biotransformation of aro-
matics under aerobic conditions is possible. But in our study, this hy-
pothesis could be rejected for our explanation as no relationship
between pollutant concentration in sewage sludge and biological
treatment represented by BOD was observed. Further, the opposite re-
sults were obtained in the case of selected OCPs (Fig. 4) as the content of
HCH isomers was significantly increased (P < 0.01; M-W U test) in
aerobically digested sludges. This could be explained by the fact that
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Fig. 3. Average content of LMW PAHs, MMW PAHs, HMW PAHs, and 16 PAHs
in anaerobic digested (n = 27) and aerobic digested (n = 13) sewage sludge.
* indicates significant difference between the technologies (P < 0.01; PS t-test);
** indicates significant difference between the technologies (P < 0.001; PS t-
test). Abbreviations: LMW PAHs (low molecular weight PAHs) = sum of
naphthalene, acenaphthylene, acenaphthene, and fluorene; MMW PAHs (me-
dium molecular weight PAHs) = sum of phenanthrene, anthracene, fluo-
ranthene, 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; 16 PAHs (total
sum PAHs) = sum of LMW, MMW, and HMW PAHs.
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Fig. 4. Average content of 7 PCBs, HCH isomers, DDT congeners, and 11 OCPs
in anaerobic digested (n = 27) and aerobic digested (n = 13) sewage sludge.
* indicates significant difference between the technologies (P < 0.01; PS t-test);
“* indicates significant difference between the technologies (P < 0.01; M-W U
test); ns denotes no significant difference between WWTP groups at P = 0.05.
Abbreviations: 7 PCBs = sum of PCB 28, PCB 52, PCB 101, PCB 118, PCB 153,
PCB 138, and PCB 180; HCHs = sum of alpha, beta, gamma, and delta hexa-
chlorocyclohexane isomers (HCH); DDTs = sum of 2,4’-DDE, 4,4'-DDE, 2,4'-
DDD, 2,4-DDT, 4,4-DDD, and 4,4'-DDT congeners; 11 OCPs = sum of HCH
isomers, DDT isomers, and hexachlorobenzene (HCB).

these sludges usually came from small WWTPs, which mostly operate in
agricultural areas. Therefore, we can speculate that these OCPs were
used more often there in the past. Based on these findings, their higher
abundance in stabilised sludge can be related to higher concentrations of
analysed compounds in the wastewater-feeding WWTPs and urban/-
rural WWTP environments rather than the type of sludge stabilisation.

Anaerobic digestion of the sludge of mesophilic temperature is used
in WWTPs more commonly than the treatment of thermophilic tem-
perature due to its lower process energy demand for reactor heating
(Gebreeyessus and Jenicek, 2016). WWTPs with thermophilic anaerobic
digestion of sludge are very rare in the Czech Republic; therefore, only
three sewage sludge samples were investigated in this study. When we
evaluated the mesophilic/thermophilic effect of anaerobic digestion on
the concentration of individual PAHs, PCBs, and OCPs (Figs. S7-59),
including the sums of respective pollutants (Figs. 5 and 6), no
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Fig. 5. Average content of LMW PAHs, MMW PAHs, HMW PAHs, and 16 PAHs
in anaerobic digested sewage sludge treated by 30-40 °C (mesophilic; n = 24)
and 50-60 °C (thermophilic; n = 3) temperatures.

ns denotes no significant difference between WWTP groups at P = 0.05. Ab-
breviations: 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; 16 PAHs (total sum PAHs) = sum of
LMW, MMW, and HMW PAHs.
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Fig. 6. Average content of 7 PCBs, HCH isomers, DDT congeners, and 11 OCPs
in sewage sludge samples according to the temperature of anaerobic digestion
technology.

ns denotes no significant difference between WWTP groups at P = 0.05. Ab-
breviations: 7 PCBs = sum of PCB 28, PCB 52, PCB 101, PCB 118, PCB 153, PCB
138, and PCB 180; HCHs = sum of alpha, beta, gamma, and delta hexa-
chlorocyclohexane isomers (HCH); DDTs = sum of 2,4'-DDE, 4,4'-DDE, 2,4'-
DDD, 2,4'-DDT, 4,4-DDD, and 4,4'-DDT congeners; 11 OCPs = sum of HCH
isomers, DDT isomers, and hexachlorobenzene (HCB).

significantly different (P > 0.05) results were obtained. We analysed a
small scale of samples in order to have a robust idea if this could imply
that, under anaerobic conditions, the temperature variable does not
influence the degradation of POPs during the treatment process.

4. Conclusions

The actual contents of 16 PAHs, 7 PCBs, and 11 OCPs in sewage
sludge from 40 different WWTPs in the Czech Republic were deter-
mined. The average content of OCPs, PCBs and PAHs in sludge was 76.1,
95.7, and 3096 pg/kg dry weight, respectively. Among the tested pol-
lutants, moderate and strong correlations in sludge (r = 0.40-0.76) were
found, and a linear correlation between WWTP size and pollutant con-
tents in sludge with growing WWTP capacity was evident. The effect of
current WWTPs technological parameters and stabilisation technology
of sewage sludge (design capacity, wastewater load and hydraulic
retention, biochemical and chemical removal efficiencies, sludge
retention time and digestion technology) on the content of 34 POPs in
sewage sludge was investigated. When evaluating if the contents can be
influenced by the common WWTP parameters, no relationship was
found between total pollutant contents. Nevertheless, some individual
pollutants, such as anthracene and PCB 52, correlated significantly (P <
0.05) with biochemical oxygen demand (r = —0.35) and chemical ox-
ygen demand removal efficiencies (r = —0.35). We observed a statisti-
cally higher content of total PAHs and PCBs in anaerobically digested
sludges (P < 0.05) compared to aerobically digested ones. The effect of
mesophilic/thermophilic anaerobic digestion on the content of indi-
vidual PAHs, PCBs, and OCPs was not obvious, as the thermophilic
anaerobic digestion technology of sewage sludge is very rare in the
Czech Republic.
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polycyclic and 5 nitro musk compounds were screened in 55 sewage sludge (SS) samples from 43 different
WWTPs in the Czech Republic, and the effect of WWTP technology parameters on SMC content in SS was
assessed. Galaxolide and Tonalide were predominant synthetic polycyclic musk compounds (SPMCs) detected
in all SS tested and accounted for 99.5% of the average content of sludge SMCs (5518 ug/kg dw). The amount
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tent in sewage sludge. The wastewater (WW) load percentage or WW hydraulic retention time had no influence
on the SMC content in the resulting SS. Musk compounds did not change over time when the SS samples were
analysed with a gap of two years, suggesting that sewage sludge for soil applications only needs to be analysed
for musk compounds once a year. Our study indicates that the currently common WWTP technologies have
only very limited potential to affect the accumulation of musk compounds in sewage sludge.
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1. Introduction

Synthetic musk compounds (SMCs) are semi-volatile cyclic organic
chemicals, which are widely used as inexpensive fragrances in washing
and cleaning agents, air fresheners, and fixatives in personal care prod-
ucts, including deodorants, cosmetics, and shampoos (Lee et al., 2014;
Wong et al., 2019).

Musk compounds can be mainly divided into synthetic polycyclic
musk compounds (SPMCs) and synthetic nitro musk compounds
(SNMCs) according to their chemical structures. Polycyclic musks com-
prise acetylated and highly methylated pyran, tetralin, and indane com-
pounds, while nitro musks are alkylated nitro benzenes with a typical
musk odour (Liu et al., 2014; Marchal and Beltran, 2016). Galaxolide
and Tonalide are the most frequent individual musk compounds
among all polycyclic musks, whereas Musk Ketone and Musk Xylene
are the most abundant nitro musks (Lignell et al., 2008). It is assumed
that SPMCs represent over 90% of the total SMCs consumed in the
European and US markets (Lee et al,, 2014).

Synthetic musks are highly persistent compounds that may
bioaccumulate in water, soil, and the food chain and, therefore, may
pose a risk to the environment. The lipophilicity of SMCs indicates a
high bioaccumulation potential that concerns not only the environ-
ment, but also impacts food safety and, consequently, public health
and other species (Cavalheiro et al., 2013; Zeng et al., 2005). Musk com-
pounds are abundant, persistent, poorly biodegradable, and some of
them are toxicologically active compounds (Llompart et al., 2003;
Shek et al., 2008). Recent studies have shown that SMCs may cause
harmful health effects, such as endocrine disruption through anti-
estrogenic activity (Wong et al., 2019).

In general, human use and application is the main source of SMCs
in the environment. After use, about 77% of SMCs are drained into the
sewer system and reach wastewater treatment plants (WWTPs)
(Reiner et al., 2007). They enter the wastewater stream by direct re-
lease from private households and industry or by aerial deposition
on impervious surfaces and runoff into the sewer system. Due to
their widespread use, persistence, and low polarity, SMCs have
been detected in most environmental matrices in relatively high
amounts, including wastewater (Lee et al., 2003), soil (Biel-Maeso
et al., 2019; Yang and Metcalfe, 2006), sewage sludge (Sun et al.,
2014; Vallecillos et al., 2012), air (Balci et al., 2020; Fontal et al.,
2016), fresh water and coastal sediments (Lee et al., 2014; Zhang
et al., 2020), and even in crops (Ramos et al., 2019) or human breast
milk (Yin et al., 2016),

Due to a low polarity and high octanol-water distribution coeffi-
cients (log K, ), SMCs preferentially adsorb onto sewage sludge. The
accumulation in sludge is a result of the sorption potential of
individual polycyclic musk compounds, as their log K, is high
(4.9-5.4), which means a lipophilic and strong sorption potential
(Balk and Ford, 1999; Artola-Garicano et al., 2003; Ternes et al., 2004).
The same is true for nitro musks, as they have a comparable log K,
with values ranging from 4.3-5.8 (Paasivirta et al., 2002; Wong et al.,
2019). Values of log Ky (solid-liquid distribution coefficient) for
Galaxolide and Tonalide range from 3.5-4.3 and 3.7-4.4, respectively,
suggesting that musk fragrances are highly sorbed on sewage sludge
particles and dissolved only in low amounts (Yang and Metcalfe,
2006). Sewage sludge containing SMCs has, then, a potential to harm
biota, including human beings (Hanssen et al., 2013; Liu et al., 2021;
Zeng et al., 2005). A study by Balk and Ford (1999) on earthworms
(Eisenia fetida) and springtails (Folsomia candida) predicted no observed
effect concentration of the target substances on organisms based on the
terrestrial toxicity data with the value of 0.32 mg/kg dw for Galaxolide
and Tonalide. According to German proposals, limits of Galaxolide and
Tonalide of 10 mg/kg dw and 15 mg/kg dw, respectively, were set for
sewage sludge as a soil amendment (Clarke and Smith, 2011). There-
fore, sewage sludge should be screened for its SMC content before its
use in soil applications.
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This study hypothesizes that musk compounds are accumulated in
sewage sludge, and their amount can be influenced by the WWTP technol-
ogy that is used. Therefore, the aim of this study was to investigate the ac-
tual contents of synthetic polycyclic and nitro musk compounds in sewage
sludge and to elucidate the effect of WWTP technological parameters on
the amount of synthetic musk compounds in the resulting sewage sludge.

2. Material and methods
2.1. WWTPs description

In total, 55 samples of sewage sludge were collected from 43 different
WWTPs located in the Czech Republic during the years 2017-2019. In
order to study potential changes in SMC content over time, samples
from 11 WWTPs were collected twice with a gap of two years and one
WWTP was screened three times (once a year). The range of WWTP
design capacity expressed by population equivalent (PE) was
operationally classified into three groups, namely small, medium, and
large WWTPs with a WWTP design capacity of <50,000 (n = 27),
50,000-100,000 (n = 17), and >100,000 (n = 11), respectively. Such
groups were chosen because anaerobic digestion is usually not used in
small WWTPs due to economic reasons, so the current groups better re-
flect the size of a municipality than technological parameters of a
WWTP. In order to elucidate the effect of technological parameters of
WWTP on the SMC content in sewage sludge, WWTPs were further di-
vided based on the type of sewage sludge treatment, aerobic digestion
and anaerobic digestion. The anaerobic digestion group was further di-
vided into two sub-classes, mesophilic and thermophilic, based on the
temperature used for the digestion. For each WWTP, several other tech-
nological parameters were obtained from the WWTP operators. Investi-
gated parameters were: average wastewater load expressed as a
percentage from the WWTP design capacity, average hydraulic retention
time of wastewater in WWTP, efficiency of biochemical oxygen demand
(BOD) removal, efficiency of chemical oxygen demand (COD) removal,
and average hydraulic retention time of sludge in the stabilization seg-
ment of WWTP. A detailed description of individual WWTPs is given in
Table S1. Most of the WWTP operators provided the sewage sludge sam-
ples and technological parameters only under the condition of anonymity,
so the exact locations of individual WWTPs cannot be given.

2.2. Sewage sludge sample collection and analysis

From each WWTP, approximately 10 kg of fresh stabilized sewage
sludge was collected as a result of at least 10 random subsamples thor-
oughly mixed. Raw sludge samples were transported immediately after
collection at 4 °C to the laboratory for further analyses. In the laboratory,
samples were freeze-dried and milled to a fine powder prior to the
analyses. Determination of initial water content in the samples was
measured gravimetrically as a weight difference before and after freeze-
drying. The pH value of dry sewage sludge was determined in the
supernatant after 2 h extraction in 0.01 M CaCl2 (1/5; w/v). Electrical
conductivity was measured in the supernatant after 1 h extraction in
demineralized water (1/10; w/v). Ash content of the samples was
determined gravimetrically after burning the samples at 550 °C for 4 h.
Total contents of C, H, N, and S in the samples were determined using
an elemental analyser (CHNS Vario MACRO cube, Elementar
Analysensysteme V3.1.1, Hanau, Germany) (Table S2). The content of O
was calculated according to Wang et al. (2013) as follows: 0 % =
100% — (C 4+ H + N + S + ash, %). Molar atomic ratios (H/C, O/C, C/N)
and ((O + N)/C) were calculated on a moist- and ash-free basis.

2.3. Synthetic musk compounds
In this study, 11 selected synthetic musk compounds were analysed

(Table S3). Six were polycyclic musks: Cashmeran® (DPMI; 6,7-
dihydro-1,1,2,3,3-pentamethyl-4(5H )indanone), Celestolide® (ADBI; 4-
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acetyl-1,1-dimethyl-6-tert-butyldihydroindene), Phantolide® (AHDI; 6-
acetyl-1,1,2,3,3,5-hexamethyl-dihydroindene), Traseolide® (ATII; 5-
acetyl-1,1,2,6-tetramethyl-3-isopropyl-dihydroindene), Galaxolide®
(HHCB; 1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hexamethylcyclopenta[g]-2-
benzopyrane), and Tonalide® (AHTN; 7-acetyl-1,1,3,4,4,6-hexamethyl-
tetrahydronaphthalene), while the other 5 were nitro musks: Musk
Ambrette (MA; 2,6-dinitro-3-methoxy-4-tert-butyl toluene), Musk Xy-
lene (MX; 1-tert-butyl-3,5-dimethyl-2,4,6-trinitrobenzene), Musk
Moskene (MM: 4,6-dinitro-1,1,3,3,5-pentamethylindane), Musk Tibeten
(MT: 1-tert-butyl-2,6-dinitro-3,4,5-trimethylbenzene), and Musk Ketone
(MK; 1-tert-butyl-3,5-dimethyl-2,6-dinitro-4-acetylbenzene).

2.4. Musk compound extraction

Musk compounds were extracted from the sewage sludge according
to a modified method previously described by Clara et al. (2011). Briefly,
0.5 g of freeze-dried sludge sample in a 50 mL glass centrifuge tube was
spiked with 1 mL of p-terphenyl-d4 (B/N surrogate mix, Restek,
Bellefonte, USA) at a concentration of 500 ng/mL in hexane (95%, for
GC/ECD residue analysis, Chromservis, Praha, Czech Republic) as a sur-
rogate standard (Table S4) to get the extraction efficiency. 10 mL of eth-
anol (98%, p.a., Praha, Chromservis, Czech Republic), 10 mL of sodium
acetate (Lachner, Neratovice, Czech Republic) buffer (pH 3.4), and
10 mL of hexane were added one after another. Samples were then
put into a rotary shaker (GFL 3017, DKSH, Ziirich, Switzerland) for
30 min at 150 rpm and ultrasonicated for 30 min at 35 °C (Bandelin
Sonorex Digitec DT510H, Berlin, Germany). Samples were centrifuged
(Rotina 420R, Hettich, Tuttlingen, Germany) for 10 min at 2500 rpm
(~1328 x g) and 20 °C. The hexane layer was collected at the top and fil-
tered into another glass tube for evaporation under a gentle stream of
nitrogen. The samples were then reconstituted in 2 mL of hexane and
purified on a solid phase extraction (SPE) cartridge (Strata SI - silica
1 g, Phenomenex, Torrance, California, USA). The silica gel was activated
with 10 mL of hexane. After the activation, the dissolved samples were
passed through the column and eluted with 10 mL of hexane-ethyl ac-
etate mixture (9:1, v/v) (Chromatopur G, Chromservis, Praha, Czech
Republic). Sample extracts were again evaporated to dryness under a
gentle stream of nitrogen and reconstituted with 2 mL of hexane. Fi-
nally, 900 L of the extracted sample was mixed with 100 pL of internal
standard mix consisting of Tonalide-d; (Neochema, Bodenheim,
Germany), Musk Xylene-d;s (LGC Standards, Middlesex, UK), and PCB
116-ds (Neochema, Bodenheim, Germany) in hexane (200 ng/mL of
each) in a 2 mL amber vial. Tonalide-d; and Musk Xylene-d;s
(Table S5) were used as the internal standard for SPMCs and SNMCs,
respectively. PCB 116-ds was used as the internal standard for p-
terphenyl-di4.

2.5. Instrumental analysis

The chromatographic analysis of individual musk analytes was per-
formed on a gas chromatograph equipped with a mass spectrometer de-
tector with triple quadrupole using an electron-impact ionization source
(7000D GC/MS/MS, Agilent Technologies, Santa Clara, USA) and PAL RTC
auto sampler system (CTC Analytics AG, Zwingen, Switzerland). The sep-
aration of analytes was carried out using a chromatography capillary col-
umn (length 30 m, inner diameter 0.25 mm, film thickness 0.25 pum,
Restek-XLB, Bellefonte, USA). Injection conditions were set in the splitless
mode with an injection volume of 2 L, helium flow of 1.0 mL/min, pres-
sure of 21.9 psi, and purge flow of 50 mL/min at 1 min. The helium carrier
gas (6.0 purity) flowed at a velocity of 17.1 cm/s. The temperature pro-
gram of the oven was initially held at 60 °C for 1 min, then raised to
220 °C/min at a rate of 40 °C/min, then to 320 °C at a rate of 10 °C/min,
and held for 1 min at a final temperature of 320 °C. The mass spectrome-
ter was operated in a dynamic multiple reaction monitoring mode. MS/
MS transitions and collision energies of each compound are shown in
Table S6. A musk mix standard solution (Neochema, Bodenheim,
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Germany) in hexane was used for the eight-point (0.5, 1, 5, 10, 50, 100,
500, and 1000 ng/mL) calibration of individual 11 musk compounds,
with RZ > 0.995 for all musk compounds. The method limit of detection
(MLOD) of individual musks was in the range 0.5-1.0 ng/mL, correspond-
ing to 0.4-2 ng/kg dw (Table S7). Fresh calibration blanks and quality con-
trol of surrogates at 500 ng/mL were also prepared alongside with each
sample batch. All 11 musk compounds were below MLOD in the blanks.
Differences in surrogate standard check were lower than 10%. The preci-
sion of the method was verified by the recovery of each compound of
the spiked blank and spiked sewage sludge samples (Table S7). Obtained
results were corrected for the extraction efficiency for each sample. The
average recovery of p-terphenyl-d;4 was 90.2%.

2.6. Statistics and data evaluation

In this study, SPMCs, SNMCs, and SMCs denote the sum of 6 synthetic
polycyclic musk compounds, the sum of 5 synthetic nitro musk com-
pounds, and the sum of all 11 synthetic musk compounds, respectively.
Data were checked for normal distribution (Shapiro-Wilk test) and
were tested on equal variance. t-test and one-way analysis of variance
(ANOVA) followed by Tukey's HSD test were done to compare if the treat-
ments were significantly different (P < 0.05) in cases where the data
followed the assumptions. In case of not normally distributed data,
Mann-Whitney Rank Sum (MWR) test and Kruscal-Wallis (KW) test
were applied to compare two or more groups, respectively. Pearson cor-
relation analysis was performed to identify the influence of selected tech-
nological parameters of WWTPs on the content of SMCs found in the
samples. Strength of the correlation was evaluated according to Evans
(1996) as follows: 0.00-0.19 very weak, 0.20-0.39 weak, 0.40-0.59 mod-
erate, 0.60-0.79 strong, and 0.80-1.00 very strong. For statistical pur-
poses, contents below MLOD were replaced by one-half of the MLOD
(Antweiler and Taylor, 2008). Statistical analyses and figures were carried
out using SigmaPlot 11.0 (Systat Software, Inc., San Jose, CA, USA).

3. Results and discussion
3.1. Occurrence of synthetic musk compounds in sewage sludge

Synthetic polycyclic musk compounds (SPMCs) were found at a
higher frequency and content than synthetic nitro musk compounds
(SNMCs) in all WWTPs sludges, as shown in Table 1. Individual musk
compounds of Galaxolide and Tonalide were found in all 55 sewage
sludge samples. Except of two sewage sludge samples, Celastolide,
Phantolide, and Traseolide were also detected in all samples. The
Cashmeran content was below MLOD (0.4 pg/kg dw) in all investigated
sewage sludge samples, which was similar to results of Vallecillos et al.
(2012) who reported that Cashmeran was found in only one sewage sam-
ple (n = 8), with a content of 90.8 pg/kg dw. Galaxolide and Tonalide
were the most predominant individual musk compounds in our samples,
which constituted about 78.2% and 20.4% of the average total content of
SMCs (5518 pg/kg dw), respectively. Previous reports also showed that
these two compounds were the most abundant (Zeng et al., 2005; Shek
et al,, 2008; Lv et al. (2010); Guo et al., 2010; Hu et al., 2011; Ramos
et al.,, 2019). As presented in Table 1, the content of Galaxolide and
Tonalide varied from 718.3 to 8399 pg/kg dw and 245.7 to 1980 ng/kg
dw, respectively. The average contents of Galaxolide and Tonalide in our
sewage sludge samples were in the range of previously reported values
in Beijing, China (260-12,590 pg/kg dw and 10-2560 pg/kg dw, respec-
tively (Hu et al.,, 2011)) and Kentucky, USA (20-36,000 pg/kg dw and
20-7200 pg/kg dw, respectively (Horii et al., 2007)). However, Sun et al.
(2014) reported higher Galaxolide and Tonalide contents in sewage
sludge samples (up to 91,000 and 15,000 pg/kg dw, respectively) in Cin-
cinnati, USA. A study by Ramos et al. (2019) also reported higher mean
values of both compounds in Portugal than the current study.

Other polycyclic musk compounds measured in this study were
found in the range from < MLOD to 402.6 pg/kg dw. Celastolide and



Z. Kosndr, F. Mercl, A.D. Chane et al.

Science of the Total Environment 801 (2021) 149777

Table 1

Evaluation of 11 SMCs content present in 55 sewage sludge samples from different WWTPs.
Compounds n > MLOD Average (ug/kg dw) SD Median (pg/kg dw) Min (pg/kg dw) Max (pg/kg dw) CV (%)
Cashmeran 0 - - - <MLOD - -
Celestolide 53 12.6 6.6 11.8 <MLOD 414 52
Phantolide 53 79 55 6.7 <MLOD 299 69
Traesolide 53 25.0 52.5 18.5 <MLOD 402.6 210
Musk Ambrette 34 4.5 20.5 1.2 <MLOD 1535 456
Galaxolide 55 4320 1573 4514 7183 8399 36
Tonalide 55 1126 421.2 1155 2457 1980 37
Musk Xylene 18 35 7.8 12 <MLOD 51.2 225
Musk Moskene 4 43 21.7 12 <MLOD 162.0 510
Musk Tibeten 36 9.2 18.6 1.3 <MLOD 68.9 202
Musk Ketone 47 49 8.7 13 <MLOD 56.5 179
SPMCs 55 5492 1943 5680 981.1 9809 35
SNMCs 35 26.3 40.4 9.7 <MLOD 208.8 154
SMCs 55 5518 1950 5686 996.1 9819 35

n > MLOD = number of samples in which the compound was detected, MLOD = method limit of detection, SD = standard deviation, CV = coefficient of variation, -

not determined, as

the compound was < MLOD (0.4-2 pg/kg dw) in all samples tested, SPMCs = sum of synthetic polycyclic musk compounds, SNMCs = sum of synthetic nitro musk compounds, SMCs =

sum of synthetic musk compounds.

Phantolide contents in our sewage samples were comparable to values
reported in Portugal (Ramos et al., 2019). Conversely, higher amounts
of these compounds were found in Switzerland (Kupper et al., 2004)
and China (Shek et al., 2008).

The Traseolide content in this study (<MLOD - 402.6 pg/kg dw) was
comparable to the reported values in China, from 15 to 300 pg/kg dw
(Hu et al., 2011). Similarly, Miiller and Bohmer (2006) also reported
that the Traseolide content ranged from 30 to 460 pg/kg dw.

Individual synthetic nitro musk compounds (SNMCs) were detected
in selected sewage sludge samples at lower amounts for the majority of
the investigated WWTPs, with a mean of 26.3 pig/kg dw. In the present
study, individual musk compounds of the SNMCs group were in the
range of <MLOD to 162.0 pg/kg dw. Musks Ketone, Tibeten, and
Ambrette were found in 85, 65, and 62% of the 55 investigated
WWTPs sludge samples, respectively. On the other hand, Musk Xylene
and Musk Moskene were only detected in 33 and 7% of the 55 investi-
gated sewage samples, respectively. Musk Xylene was not detected by
many previous studies (Lv et al., 2010; Hu et al., 2011), and most of
the other individual SNMCs were also not detected (Berset et al.,
2000; Ramos et al., 2019). Lv et al. (2010) reported a Musk Ketone con-
tent in the range of <MLOD - 24.4 ug/kg dw, which was similar to the
current study, but Hu et al. (2011) found a higher amount of Musk Ke-
tone of up to 530 pg/kg dw. Likewise, Guo et al. (2010) reported similar
values.

The total content of SMCs ranged from 996.1 to 9819 pg/kg dw in our
sewage sludge samples, with an average of 5518 pg/kg dw, and SPMCs
constituted about 99.5% of that amount. The reason for the lower aver-
age content of SNMCs (26.3 pg/kg dw) than SPMCs (5492 pg/kg dw) in
the current study might be due to the restrictions in producing these
compounds in Europe because of concerns about their toxicity; there-
fore, their use in personal care products has decreased after 2008
(Taylor et al., 2014; Ramos et al., 2019). However, nitro musks are still
added in many cheap consumer products, leading to their presence in
environmental samples and biota (Smyth et al.,, 2008; Yin et al., 2016).

3.2. Correlation analyses among individual musk compounds

We observed a statistically significant correlation between the con-
tent of selected synthetic musk compounds in 55 sewage sludge sam-
ples, as shown in Table 2. Individual polycyclic musk compounds have
a statistically significant positive correlation between each other,
e.g., very strong correlation between Galaxolide/Tonalide (r = 0.80,
P < 0.001). The strong positive significant correlation was also found
among Galaxolide, Tonalide and total SMCs content, with the values of
r=0.99 (P<0.001)and r = 0.87 (P < 0.001), respectively. This was ex-
pected, as these compounds constituted about 78.2% and 20.4% of the
average total content of SMCs, as shown in Table 1. Furthermore,

significant moderate correlations between Tonalide/Phantolide (r =
0.54, P < 0.001), Phantolide/Celestolide (r = 0.52, P < 0.001), and
many others were observed (Table 2).

Similar to the present study, Yang and Metcalfe (2006) found a pos-
itive significant correlation (r = 0.973) between Galaxolide/Tonalide in
sewage sludge from Peterborough, Canada. Many other studies also re-
ported significant correlations between Galaxolide/Tonalide (Shek
et al., 2008; Hu et al.,, 2011; Sun et al., 2014; Ramos et al., 2019),
Tonalide/Phantolide (Shek et al., 2008; Guo et al., 2010), and Tonalide/
Celastolide (Shek et al., 2008; Ramos et al., 2019), indicating that
these polycyclic musks in sewage sludge may come from the same
source. Due to their wide use in personal care products and detergents,
the major sources of these synthetic musk compounds are households
(domestic sources), whereas industrial sources seem to be of minor im-
portance (Clara et al., 2011).

Some synthetic nitro musks also had a strong correlation between
each other, e.g., Musk Ambrette with Musk Moskene (r = 0.77,
P < 0.001). On the other hand, a weak positive correlation (r = 0.34,
P <0.001) was found between nitro musk (Musk Moskene) and polycy-
clic musk (Galaxolide) as well as for Musk Moskene and Tonalide. A
significant negative correlation was observed between Musk Moskene
and Celastolide (r = —0.27, P < 0.01). A study by Lee et al. (2010)
only observed a relationship among Galaxolide, Tonalide, and Musk
Ketone in sewage sludge. Overall, the current study found a significantly
weak correlation between SPMCs and SNMCs (r = 0.21, P < 0.05).

3.3. Influence of WWTP technology on the content of synthetic musk com-
pounds in sewage sludge

Pearson correlation analysis was also used to understand the
influence of selected technological properties of sampled WWTPs
(Table S1) on the basic physico-chemical characteristics of 55 sewage
sludge sample tested (Table S2). Pearson correlation coefficients
(r) derived from the correlation analysis showed a weak correlation
among variables tested, as shown in Table S8.

Furthermore, Pearson correlation coefficients (r) for individual musk
compounds, overall SMCs, and selected technological parameters of
WWTPs are shown in Table 3. For all the individual musk compounds,
only Tonalide correlated significantly with the WWTP design capacity
(r=0.32,P<0.05).

Wastewater load percentage and wastewater hydraulic retention
time in WWTP have no influence on the content of musk compounds
in sewage sludge, as these WWTP technological parameters showed
no significant correlation with sewage sludge musk contents (P> 0.05).

A study by Sun et al. (2014) also found no correlation between the
content of selected musk compounds (Galaxolide and Tonalide) and bi-
ological treatment of WWTP, in which activated sludge types were used
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Table 2

Pearson correlation coefficients (r) for 11 individual musks, SPMCs, SNMCs, and SMCs derived from correlation analysis of 55 sludge samples.
Variables DPMI ABDI AHDI ATII MA HHCB AHTN MX MM MT MK SPMCs SNMCs SMCs
DPMI 1 - - - - - - - - - - - - -
ABDI 1 052" ns ns 042" 045" ns -027* 025" ns 044 ns 0.44"
AHDI 1 ns ns 0.28* 0.54°** ns ns ns ns 0.35% ns 0.34"**
ATI 1 ns ns 025" ns ns ns ns 0.19" ns 0.19"
MA 1 ns ns 0.77** ns ns ns ns 0.51"* 0.02*
HHCB 1 0.80"** ns 0.34*** ns ns 0.99*** 025" 0.99***
AHTN 1 ns 0.23* ns ns 0.877** ns 087"
MX 1 ns ns ns ns 0.527* ns
MM 1 ns ns ns 0.57*** 0.33"
MT 1 0.50"** ns 0.53"* ns
MK 1 ns 038" ns
3 SPMCs 1 0.21° 1.00""*
2 SNMCs 1 ns
3 SMCs 1

The significance of observed Pearson correlation coefficients (r): * = P < 0.05, " = P < 0.01, *** = P < 0.001, ns = not significant at &« = 95%, - not estimated (<MLOD), Abbreviations
DPMI = Cashmaran, ABDI = Celestolide, AHDI = Phantolide, ATIl = Traseolide, MA = Musk Ambrette, HHCB = Galaxolide, AHTN = Tonalide, MX = Musk Xylene; MM = Musk
Moskene, MT = Musk Tibeten, MK = Musk Ketone, SPMCs = sum of synthetic polycyclic musk compounds, SNMCs = sum of synthetic nitro musk compounds, SMCs = sum of synthetic

musk compounds.

for the analyses. When Liu et al. (2014) used only anaerobically digested
sewage sludge samples collected from different WWTPs in 23 Chinese
cities, they found a strong positive correlation between SMCs/Total or-
ganic carbon content (TOC) in sewage sludge and the serving popula-
tion of the WWTPs. Yang and Metcalfe (2006) indicated that BOD
removal efficiency and TOC were two significant independent variables
correlated with the contents of both Galaxolide and Tonalide. In our
study, a significant (P < 0.05) moderate correlation was found only
between Musk Ambrette as well as Musk Xylene and BOD removal
efficiency (r = —0.56 and r = —0.48, respectively). When BOD removal
efficiency represents the WWTP efficiency in removal of biologically de-
gradable organic compounds (Sholz, 2006), it may indicate that Musk
Ambrette and Musk Xylene concentrations in sewage sludge can be at
least partly affected by autochthonous microorganisms. That may also
partially explain the relatively low content of these compounds in sew-
age sludge samples. In case of other individual musk compounds, no re-
lationship was found which is consistent with Gonzalez-Gil et al. (2016)
who reported that musk compounds (Galaxolide and Tonalide) were
not biotransformed during the wastewater treatment. Katsoyiannis
and Samara (2004) suggested that compounds with a strong hydropho-
bic character are principally removed through sorption to sludge parti-
cles and transferred to the sludge processing systems.

A negative correlation was observed among the COD removal effi-
ciency and Celastolide, Galaxolide, Tonalide, and Musk Ambrette. COD
is defined as the amount of oxygen equivalents consumed in the chem-
ical oxidation of organic matter by a strong oxidant. The COD test uses
strong oxidants to oxidize organic matter that microorganisms may ox-
idize only partially or not at all (Hu and Grasso, 2005). As there were no
significant correlations of Celastolide, Galaxolide, Tonalide with BOD

removal efficiency but contents of these compounds as well as the
sums significantly correlated with COD removal efficiency (SPMCs
(r = —0.36, P < 0.05), SNMCs (r = —0.33, P < 0.01), and SMCs (r =
—0.37, P < 0.05)), it indicates the recalcitrance of these compounds to
the degradation in WWTPs. We hypothesize that the negative correla-
tion coefficients are due to the dilution of these compounds in sludge
as there is a higher rate of conversion of organic pollution to sludge
with increasing COD removal efficiency.

In comparison to our study, when Simonich et al. (2002) investi-
gated relationship between BOD removal efficiency and concentration
of selected musk compounds in final effluent, no significant correlation
was found. Yang and Metcalfe (2006) observed that the overall removal
efficiency of synthetic musks from the aqueous sewage in the WWTP
could be more than 43.3%, but removal occurred mainly by partitioning
into the biosolids due to their high log Kgy,.

In our study, the retention time of sewage sludge in stabilization sig-
nificantly correlated only with Musk Tibeten (r = —0.33, P < 0.01).
Therefore, it can be assumed that most of the musk compound content
will not decrease with prolonged retention time of sludge in the stabili-
zation,

3.4. Occurrence of synthetic musk compounds in sewage sludge according
to WWTP design capacity

The assessment of average synthetic musk compound content based
on the design capacity of WWTPs was performed. As indicated in Fig. 1,
the most dominant individual synthetic polycyclic musk compound,
Galaxolide, showed the highest content for large WWTPs, with a value
of 5065.1 pg/kg dw. The Galaxolide content increased with increasing

Table 3
Pearson correlation coefficients (r) for individual musks, SPMCs, SNMCs, SMCs and main technological parameters of WWTPs derived from correlation analysis of 55 sludge samples.
Variables Celestolide Phantolide Traseolide Musk Galaxolide Tonalide Musk Musk Musk  Musk > SPMCs 3> SNMCs 3 SMCs
Ambrette xylene moskene tibeten ketone
WWTP design capacity ns ns ns ns ns 0.32° ns ns ns ns ns ns ns
Wastewater load ns ns ns ns ns ns ns ns ns ns ns ns ns
percentage
Wastewater hydraulic ns ns ns ns ns ns ns ns ns ns ns ns ns
retention time in WWTP
BOD removal efficiency ns ns ns —0.56"" ns ns —0.48""" ns ns ns ns ns ns
COD remaval efficiency —0.32* ns ns —0.59** —0.35"" —034" s ns ns ns —036" —033° —0.37*
Retention time of sewage  ns ns ns ns ns ns ns ns —033* ns ns ns ns

sludge in the
stabilization

Cashmeran is not considered, as it was < MLOD (0.4-2 ug/kg dw) in all samples tested, The significance of observed Pearson correlation coefficients (r): * = P < 0.05,** =P < 0.01,"" =
P < 0.001, ns = not significant at &« = 95%, BOD = biochemical oxygen demand, COD = chemical oxygen demand, SPMCs = sum of synthetic polycyclic musk compounds, SNMCs = sum

of synthetic nitro musk compounds, SMCs = sum of synthetic musk compounds.
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Fig. 1. Average content of 11 individual synthetic musk compounds in sewage sludge according to WWTPs design capacity.

Different letters indicate significant differences (P < 0.05) between tested groups of WWTPs for each respective musk compound. Uppercase letters indicate difference determined by HSD
test, while lowercase letters indicate difference by KW test. ns denotes no significant difference between WWTP groups at P < 0.05. PE (population equivalent) values for Small WWTPs,
Medium WWTPs, and Large WWTPs are <50,000; 50,000-100,000, and >100,000, respectively.

WWTP design capacity, but the increments were not significantly differ-
ent (P > 0.05). Tonalide, the second dominant musk from the SPMCs
group, also showed a constant increase in the average content as the de-
sign capacity of WWTPs increased, with the value ranging from
958.2 ng/kg dw (small WWTPs) to 1368.6 pg/kg dw (large WWTPs).
This increase in the content was significantly different (P < 0.05, HSD
test) and could be supported by a significant correlation found in
Table 3.

Other individual SPMCs, Celastolide, Phantolide, and Traseolide
showed no significant difference (P > 0.05) in their contents when the

WWTP design capacity increased. Cashmeran was not evaluated, as
the content was below MLOD (0.4 pg/kg dw) in all investigated sewage
sludge samples. However, Musk Tibeten from the nitro musk com-
pounds group showed a different trend, as the highest (P < 0.05, KW
test) content (17.3 pg/kg dw) was found in small WWTPs. In the case
of other nitro musks, the content was not statistically different
(P> 0.05) with the increasing WWTP design capacity.

The average content of SPMCs in Fig. 2 gradually increased from
small to large WWTPs, and the same was true for SMCs. However, the
increments were not statistically different (P > 0.05). Conversely, the
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Fig. 2. Average content of synthetic polycyclic musk compounds (SPMCs), synthetic nitromusk compounds (SNMCs), and sum of synthetic musk compounds (SMCs) in sewage sludge

according to WWTPs design capacity.
ns denotes no significant difference between WWTP groups at P < 0.05.

47



Z. Koindf, F. Mercl, A.D. Chane et al.

Science of the Total Environment 801 (2021) 149777

10000 - I Anaerobic digestion (n = 40)
[ Aerobic digestion (n=15)
8000 - ns ns
= al I
4000 -
3 ,
o 2000
= 100
g *%
80 4
60 4
40 4
20 4
D T T T
SPMCs SNMCs SMCs

Fig. 3. Average content of synthetic polycyclic musk compounds (SPMCs), synthetic nitromusk compounds (SNMCs), and sum of synthetic musk compounds (SMCs) in sewage sludge

samples according to digestion technology used for the stabilization of the sewage sludge.

** indicates significant difference between the technologies (P < 0.01; MWR test); ns denotes no significant difference between WWTP groups at P = 0.05.

lowest average content of SNMCs was found in medium WWTPs, but
the change was not statistically different (P > 0.05). Fig. 2 also shows
that the average sum of SPMCs and overall SMCs content showed com-
parable results for all ranges of WWTP capacities. This was expected, as
more than 90% of SPMCs of the total SMCs are used in the production of
personal care products sold in European markets (Lee et al., 2014).

As shown in Fig. 2, a higher average content of SPMCs than SNMCs
was observed in sewage sludge samples of each WWTP design capacity
group. This could be linked with the suggestion that the market of per-
sonal care products in Czech Republic is dominated by polycyclic musks
(Hajslova and Setkova, 2004). One could expect huge changes of SMCs
in sewage sludges from WWTPs with different capacities, as Liu et al.
(2014) found a strong significant relationship between the serving pop-
ulation of WWTPs and SMCs content. Liu et al. (2014) suggested that
larger WWTPs are commonly found in larger cities where people
could use more fragrances, but in the current study, we did not find

significant differences (P > 0.05) of SMCs when the WWTPs design ca-
pacity was increased. We hypothesize that this phenomenon may be
due to different cultural habits of the citizens.

3.5. Occurrence of synthetic musk compounds in sewage sludge according
to digestion technology, temperature of anaerobic digestion, and over time

The content of SMCs according to the digestion technology used for
the stabilization of sewage sludge is shown in Fig. 3. The influence of
aerobic and anaerobic digestion on the content of SMCs in sewage
sludge was not obvious, as no significant difference (P > 0.05) was
found between the SMC content in sewage sludge collected from
WWTPs where anaerobic and aerobic digestion was used. The same
was true for the content of polycyclic musk compounds (SPMCs). A sta-
tistically lower content (P < 0.01; MWR test) of nitro musk compounds
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Fig. 4. Average content of synthetic polycyclic musk compounds (SPMCs), synthetic nitromusk compounds (SNMCs), and sum of synthetic musk compounds (SMCs) in sewage sludge

samples according to the temperature of anaerobic digestion technology.
ns denotes no significant difference between WWTP groups at P < 0.05.
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Fig. 5. Changes in average content of synthetic polycyclic musk compounds (SPMCs), synthetic nitromusk compounds (SNMCs), and sum of synthetic musk compounds (SMCs) in sewage

sludge samples over time.
ns denotes no significant difference between WWTP groups at P < 0.05.

(SNMCs) was found in anaerobically treated sewage sludge than in aer-
obically treated ones.

This may lead to the suggestion that, in the WWTPs where anaerobic
digestion is used, autochthonous microorganisms could be involved in
the degradation of nitro musks, so the content in the resulting sewage
sludge is lowered. To elucidate the mechanism of nitro musk compound
reduction by sewage sludge treatment under anaerobic conditions, fur-
ther research needs to be conducted. Ghattas et al. (2017) reviewed that
the reduction of nitro groups under anaerobic conditions occurs, in gen-
eral, when microorganisms create a reducing environment by which
electrons are transferred to reducible substrates, such as nitro-
aromatics. In comparison to nitro musks, Gonzalez-Gil et al. (2016) de-
scribed that polycyclic musk fragrances (Galaxolide and Tonalide) were
not subjected to biotransformation processes during the anaerobic di-
gestion of sewage sludge. Tasselli and Guzzella (2020) reported that
even in activated sludge treatment, which is a process for treating sew-
age or industrial wastewaters using aeration and a biological floc com-
posed of bacteria and protozoa, it was not possible to remove and
degrade polycyclic musks.

Unfortunately, as the content of nitro musks in sewage sludge was
about 0.5% of the total musk content in this current study, a recommen-
dation to reduce nitro musk compounds by anaerobic digestion will
have a negligible effect on the total musk compounds in the resulting
sewage sludge. Moreover, the influence of anaerobic digestion temper-
ature on musk sewage sludge content shown in Fig. 4 was not observed,
as the content of polycyclic, nitro, and total musks in sewage sludge
treated anaerobically under mesophilic and thermophilic conditions
was not significantly different (P < 0.05). This can be supported by the
study of Gonzalez-Gil et al. (2016), who found a comparable content
of polycyclic musk - Galaxolide in a laboratory treated sewage sludge
under mesophilic and thermophilic conditions.

The study of potential changes of SMC content over the time
2017-2019 was performed, and the results are shown in Fig. 5. The con-
tent of polycyclic, nitro, and total content of musk compounds in sewage
sludge was not statistically different (P> 0.05) when the sewage sludge
sample was collected from the respective WWTP with a gap of two
years. This indicates that the presence of musk compounds in sewage
sludge is not prone to fluctuate with time. Thus, screening of the sewage
sludge for musk compounds once a year should be enough, as in the
case of other persistent organic pollutants (PAHs and PCBs) in sewage

sludge according to the Czech legislative limit for soil application
(Public Notice No. 437/2016, 2016).

4. Conclusions

Sewage sludge samples were collected from 55 WWTPs in different
locations of the Czech Republic and screened for 11 selected synthetic
musk compounds (SMCs). Predominant synthetic polycyclic musk com-
pounds (SPMCs) were Galaxolide and Tonalide, while Musk Ketone and
Musk Xylene were the most abundant synthetic nitro musk compounds
(SNMCs). Total content of SMCs ranged from 996.1 to 9819 pg/kg dw in
sewage sludge, with an average of 5518 pg/kg dw, and SPMCs consti-
tuted about 99.5% of that amount.

Individual polycyclic musks contents correlated between each other,
indicating a single source. Tonalide content correlated significantly with
the WWTP design capacity (r = 0.32, P < 0.05) and showed a significant
increment (P < 0.05, HSD test) when WWTPs design capacity increased.
Wastewater load percentage and wastewater hydraulic retention time
in WWTPs had no influence on the musks in sewage sludge. A weak sig-
nificant correlation between COD removal efficiency and SMCs (r =
—0.37, P < 0.05) but no correlation with BOD removal efficiency was
found suggesting the recalcitrance of the SMCs to biodegradation. The
retention time of sewage sludge stabilization in WWTPs only signifi-
cantly correlated with Musk Tibeten (r = —0.33, P < 0.05). Only in
the case of total sum of 5 synthetic nitro musk compounds in sludge
(~0.5%), a statistically (P < 0.01, MWR test) lower content was observed
in sewage sludge collected from WWTPs with anaerobic digestion than
with aerobic digestion. There was no significant difference (P > 0.05)
between mesophilic and thermophilic conditions of anaerobic digestion
technology on SMCs content in sewage sludge.

The current study suggests that the accumulation of the major musk
compounds in sewage sludge is not affected by the current WWTPs
technologies. Innovative sewage sludge treatment processes should be
involved prior to its use in agriculture.
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ARTICLE INFO ABSTRACT

Handling Editor: Yuyi Yang Polycyclic aromatic hydrocarbons (PAHs) are widely present in the environment, causing increasing concern

because of their impact on soil health, food safety and potential health risks. Four bioremediation strategies were
Keywords: examined to assess the dissipation of PAHs in agricultural soil amended with sewage sludge over a period of 120
PAH re“?oval B days: soil-sludge natural attenuation (SS); phytoremediation using maize (Zea mays L.) (PSS); mycoremediation
Anaerobically stabilized sludge (MR) separately using three white-rot fungi (Pleurotus ostreatus, Phanerochaete chrysosporium and Irpex lacteus);
Phytoremediation . oy ” p— ¢ 4 s
Mycoremediation and p.la.nt—asmsted mycor.emedlatxon (PMR) using a combination of i and fungi. In the time frame of the
Plant uptake experiment, mycoremediation using P. chrysosporium (MR-PH) exhibited a significantly higher (P < 0.05)
degradation of total PAHs compared to the SS and PSS treatments, achieving a degradation rate of 52 %. Both the
SS and PSS treatments demonstrated a lower degradation rate of total PAHs, with removal rates of 18 % and 32
%, respectively. The PMR treatments showed the highest removal rates of total PAHs at the end of the study, with
degradation rates of 48-60 %. In the shoots of maize, only low- and medium-molecular-weight PAHs were found
in both the PSS and PMR treatments. The calculated translocation and bioconversion factors always showed
values < 1. The analysed enzymatic activities were higher in the PMR treatments compared to other treatments,
which can be positively related to the higher degradation of PAHs in the soil.

on the agrochemical and biological properties of the soil (Wu et al.,
2017; Wotejko et al., 2018). According to Chojnacka et al. (2023), sludge
production in the Czech Republic for the year 2017 reached 223,000
tonnes dw, of which approximately 33 % was used for composting while
the majority (up to 45 %) was utilized for agricultural purposes. How-
ever, the average application of wastewater sewage sludge in 13 coun-
tries in the European Union (EU) was recorded at 22.6 % and 22.1 % of
the respective production amounts in 2013 and 2014.

As previously indicated, the utilization of sewage sludge in soil can
impact soil microbes, plants, and animals by potentially accumulating
pollutants (Liu et al., 2017). Polycyclic aromatic hydrocarbons (PAHs)
are among the most environmentally hazardous compounds due to their
persistence and toxicity. Studies have identified their presence in
various environmental compartments including soil, water, and air
(Gupte et al., 2016; Kadri et al., 2017a; Patel et al., 2020). It is important
to consider the presence of PAHs within the sludge they can be taken up
by plants and ultimately find their way into the human body through the

1. Introduction

Sewage sludge is essentially an organic residue, containing high
microbial biomass as well as high organic matter, N, P, and Zn contents,
among others. If properly treated and applied to land, it can improve
soil’s quality thus improving the productivity of agricultural crops and
revegetation of disturbed ecosystems, such as mining tailing areas.
However, Sewage sludge also has high amounts of potentially toxic el-
ements in its composition, heavy metals, organic pollutants, and
emerging contaminants (Cieslik et al., 2015; Tyagi and Lo, 2013).

Incorporating sewage sludge into the soil can also have implications
for soil microbes, plants and animals due to the accumulation of pol-
lutants (Liu et al., 2017). It also contributes to the sustainable crop and
food production and helps meeting sustainable development goals
(SDGs) especially in developing countries (Kumar et al., 2022). Addi-
tionally, it is economically viable approach due to its beneficial impact
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Abbreviations

ACE Acenaphthylene

ACEN  Acenaphthene

ANT Anthracene

BaA Benzo[alanthracene
BbF Benzo[b]fluoranthene
BCF bioconcentration factor
BkF Benzo[k]fluoranthene
BghiP  Benzol[g,h,i]perylene
BaP Benzo[alpyrene

CHR Chrysene

DBA Dibenz[a,h]anthracene
FLU Fluorene

FLUO Fluoranthene

HMW  high molecular weight
IYP Indeno(l,2,3-c,d] pyrene

LAC laccase

LMW low molecular weight

MMW  medium molecular weight

MR mycoremediation of PAHs in sludge-amended soil

MR-PL  soil-sludge with P. ostreatus substrate

MR-PH  soil-sludge with P. chrysosporium

MR-IR  soil-sludge with I lacteus substrate

MnP manganese peroxide

PAHs polycyclic aromatic hydrocarbons

PSS phytoremediation of PAHs in planted-contaminated soil-
sludge

PMR plant-assisted microbial bioremediation

PMR-PL soil-sludge with P. ostreatus substrate

PMR-PH soil-sludge with P. chrysosporium substrate

PMR-IR soil-sludge with L lacteus substrate

SS soil-sludge

TF transfer factor

food chain (Widka et al., 2013; Wolejko et al., 2018; Zhang et al., 2018).
Their accumulation in the soil environment is of increasing concern
because of their impact on soil health, food safety and the potential
carcinogenic and mutagenic health risks (Barbosa et al., 2023; Moubarz
etal., 2023). According to Suciu et al. (2015), the overall PAH content in
sewage sludge among EU countries ranged from 10 to 3910 pg/kg dry
weight (dw). Meanwhile, Feng et al. (2019) reported PAH concentra-
tions in soils amended with sludge to be within the range of 149-307
pg/kg dw. Furthermore, Ma et al. (2015) observed variations in the
concentrations of 16 PAHs in soils, ranging from 10 to 5911 pg/kg dw.
PAHs present challenges for degradation in natural settings due to their
lipophilic nature. Furthermore, their persistence increases with higher
molecular weights in the environment, as highlighted by (Haritash and
Kaushik, 2009). Understanding the degradation of PAHs in soil is com-
plex due to adsorption phenomena and the limited bioavailability of
these compounds. Factors such as environmental conditions, microbial
communities, and the chemical nature of the contaminants contribute to
the intricacies of bioremediation (Kadri et al., 2017b).

Bioremediation is an attractive approach for the removal of PAHs
from the environment and specific microbes are used to break down the
organic pollutants (Abatenh el al., 2017). Many microorganisms have
been reported to efficiently degrade PAHs, for instance, Gao et al. (2010)
mentioned that the white-rot fungi of Pleurotus ostreatus, Phanerochaete
chrysosporium, Irpex lacteus and Bjerkandera adusta were suitable de-
graders of PAHs in the soil. The ability to generate ligninolytic extra-
cellular oxidative enzymes has rendered these fungi highly suitable for
the decomposition and mineralization of the organic polymer lignin, and
these enzymes have the capability of cleaving the benzene ring of PAHs
(Kijpornyongpan el al., 2022). PAHs derived from soil or sludge
compost-amended soil could be degraded by plants together with mi-
croorganisms in a soil-plant system (Gworek et al., 2016; Zhu el al.,
2017). Phytoremediation could be implemented with various plants to
degrade, extract and immobilize PAHs from the soil (Abdel-Shafy and
Mansour, 2018). Guo et al. (2017a) studied the phytoremediation of
PAHs using maize (Zea mays L.) in the soil and found that their removal
ranged from 69.2 % to 78.4 %. The current study hypothesizes that the
combined use of white-rot fungi and plants could significantly enhance
the removal of PAHs from the soil compared to other bioremediation
strategies.

The study aims were to evaluate four different strategies for PAH
degradation: natural attenuation in biosolid-amended soil; mycor-
emediation utilizing three strains of solid-state white-rot fungi cultures,
namely P. ostreatus, P. chrysosporium and I. lacteus; phytoremediation
using maize (Zea mays L.); and microbial-assisted phytoremediation,
which involves a combination of maize (Zea mays L.) and three different
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strains of solid-state white-rot fungi cultures (P. ostreatus, P. chrys-
osporium and I. lacteus). Additionally, the study aim is to evaluate the
effect of these treatments on the uptake of PAHs by plants.

2. Materials and methods
2.1. Solvents, analytical standards, and materials

GC/MS-MS grade n-hexane (Chromasolv™), acetone (Pestinorm®)
and ethanol (p.a., 99.8 %) were used to prepare an extraction solution of
acetone-hexane (1:1 v/v). All solvents were purchased from Altium In-
ternational (Czech Republic). PAH-Mix 16 (EPA 550, EPA 610) con-
taining 16 individual PAHs prioritized by the USEPA in cyclohexane at
100 pg/ml was used as a standard stock mixture (Table 51). Deuterated
compounds (naphthalene-ds, acenaphthene-ds, phenanthrene-d,o,
chrysene-d;2, perylene-d;2 and PCB 116-ds; 100 pg/ml of each) were
used as the internal standard stock mixture solution (Table §2) and a
surrogate standard solution of deuterated p-terphenyl-d;4 in dichloro-
methane at 1000 pg/ml (Table S3) was used for the method recovery
(Chromservis, Czech Republic). Strata SI-1 SPE cartridges manufactured
by Phenomenex (USA) were purchased from Chromservis (Czech Re-
public) and Whatman® Grade 40 filters were purchased from Supelco
(USA). The PAH abbreviations are listed in Table S1 and the basic
physical and chemical properties of the 16 individual PAHs are sum-
marized in Table 54,

2.2, Soil and sludge description

The experimental soil, a Cambisol characterized by an acidic pHcac2
5.4, was obtained from Humpolec, Czech Republic (49°3316"N,
15°21'2"E). Prior to the start of the experiment, the soil underwent trace
PAH analysis, revealing levels that remained below the quantification
limit, ranging between 1.7 and 5.4 pg/kg dw. The anaerobically stabi-
lized sewage sludge, collected from a wastewater treatment plant ac-
commodating to a population equivalent of 198,000, exhibited
concentrations of low, medium, and high molecular weight PAHs, as
well as 16 PAHSs, at 291.3, 3497.4, 3193, and 6981.6 pg/kg dw,
respectively.

2.3. Solid-state fungal substrate description

Three ligninolytic fungal species — Pleurotus ostreatus (Jacq.) P.
Kumm., strain HK35 (P. ostreatus), P. chrysosporium (Burds.)
(P. chrysosporium) and I. lacteus (Fr.), strain 931 (I lacteus) — were ob-
tained from the deposit of the Department of Horticulture, Czech
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University of Life Sciences, Prague. Solid-state ligninolytic fungi culti-
vation, the conditions and a description of the colonized wheat straw
carrier substrates were specified by Kosnar et al. (2019) and Chane et al.
(2023a).

2.4, Experimental setup

The experimental study was carried out for 120 days in the outdoor
and roofed vegetation hall that controls atmospheric precipitation under
natural daylight to resemble the actual field conditions. Polyethylene
pots with a total volume of 6 1 were used, with holes in the bottom. To
catch possible leachate, another similar plastic pot without holes was
used under the perforated one. Each pot was filled with 4 kg dw of
experimental soil and 1 kg of fresh sewage sludge thoroughly mixed.
Four replicates were subjected to each treatment as follows: (A) soil-
sludge (SS) represented only the intrinsic clean-up ability of PAH-
contaminated sludge-amended soil; (B) mycoremediation of PAHs in
sludge-amended soil inoculated by different solid-state cultivated white-
rot fungi substrates (MR): (i) soil-sludge with P. ostreatus substrate (MR-
PL), (ii) soil-sludge with P. chrysosporium (MR-PL) and (iii) soil-sludge
with I lacteus substrate (MR-PL); (C) phytoremediation of PAHs in
maize-contaminated soil-sludge (PSS); and (D) plant-assisted microbial
bioremediation through the different solid-state white-rot fungi strains
(PMR): (i) soil-sludge with P. ostreatus substrate (PMR-PL), (ii) soil-
sludge with P. chrysosporium substrate (PMR-PH) and (iii) soil-sludge
with I lacteus substrate (PMR-IR). For the phytoremediation treat-
ments, the pots were planted with maize (Zea mays L. var. Colisee) seeds
obtained from KWS Saat in Germany. Initially, eight maize seeds were
sown in each pot. After a period of two weeks following germination,
only four plants were left to grow and the pots were randomized every
week. The soil was irrigated with distilled water to maintain the water
content of the soil at 60 % water-holding capacity, while pots were
regularly weighed to add water when needed throughout the experi-
mental period. At the end of the experiment, the plants were harvested
and divided into shoots and roots. The roots underwent a gentle wash
with demi-water to remove any rhizospheric soil adhering to them.
Subsequently, the shoots and roots were separately cut into smaller
pieces and subjected to lyophilization, milling and storage at 4 °C in
preparation for the PAH analyses. Three samples from each pot were
collected at 0 and 120 days of the experiment by using a stainless-steel
tool and then mixed thoroughly to obtain a representative sample. Soil
samples were lyophilized, ground, sieved at 2 mm mesh and stored at
—20 °C until PAH extraction and other analyses.

2.5. PAH extraction, analysis of PAHs and enzymatic activities

The PAHs from the soil were extracted and analysed based on the
protocol of Chane et al. (2023a). Briefly, 1 g dw of soil was mixed with
10 ml of ethanol, sodium acetate buffer (pH 3.4) and n-hexane and
surrogate standard solution at 500 ng/ml, shaken for 1 h in an orbital
shaker (GFL 3017, Germany) and then extracted with the ultrasonic
extraction system for 30 min at a bath temperature of 35 °C. The upper
hexane layer was filtered through a Whatman® Grade 40 filter and
rinsed with 5 ml of hexane. Re-extraction was done following the same
procedure by adding 5 ml of a hexane-acetone mixture (1:1, v/v). The
extract was mixed with the previous one, concentrated to 1.0 ml and
evaporated to near dryness (0.2 ml) using nitrogen. The sample extract
was cleaned through SPE cartridges then concentrated again to 0.2 ml by
using nitrogen. Before PAH analysis, 100 pl of the internal standard
solution was added to the extract to a final volume of 2 ml. Samples of
plant biomass were extracted using the same procedure described above.

Separation, identification and determination of individual PAHs
were performed using an Agilent 8890 gas chromatograph coupled with
an Agilent 7000D triple quadrupole detector (Santa Clara, USA) and PAL
RTC automatic sampler system (CTC Analytics, Switzerland). More
detailed chromatographic conditions were described by Chane et al.
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(2023Db). Detection was performed using a mass spectrometer in dy-
namic multiple reaction monitoring mode (Table S5). The mean recov-
ery of the p-terphenyl-d; 4 surrogate standard obtained from each sample
extraction was 94 %. The limit of detection of the individual PAHs was in
the range of 0.5-5.0 ng/ml. In this study, the total concentration of PAHs
was determined by summing the 16 individual USEPA PAHs. These
PAHs were categorized into three groups based on their molecular
weight and the number of rings: (1) low-molecular-weight (LMW) PAHs
the sum of NAP, ACY, ACE, FLU, PHE and ANT; (2)
medium-molecular-weight (MMW) PAHs — the sum of FLUO, PYR, BaA
and CHR; and (3) high-molecular-weight (HMW) PAHs — the sum of BbF,
BKF, BaP, IPY, DBA and BghiP.

Soil activities of hydrolytic and ligninolytic enzymes were analysed
according to Hrebeckova el al. (2020) and measured from lyophilized
soil samples using a Tecan 96-well plate spectrophotometer (Infinite
M200, Tecan Trading, Switzerland) in four replicates.

2.6. Statistical analysis and data processing

Statistical analysis was conducted to evaluate the differences be-
tween treatments using one-way analysis of variance followed by
Tukey's test at a significance level of P < 0.05 through the Statistica 7
software package (StatSoft, USA); t-tests were employed to assess the
statistical significance of the datasets between two sampling times,
specifically at 0 and 120 days. Standard deviations (SD) were also per-
formed using Microsoft Excel 2010 (Microsoft Corporation, USA). Mean
+ SD values were used to express the data, with distinct letters shown
above the bars in the figures and within the tables representing signif-
icant differences (P < 0.05) among the different concentrations. The
PAH concentrations in the soil and plant tissues were calculated based
on their dry weight. The bioconcentration factor (BCF) was determined
by calculating the ratio of the PAH concentration in maize roots (Croots)
to the PAH concentration in the soil (Csoj), whereas the transfer factor
(TF) was calculated by dividing the PAH concentration in the shoots
(Cshoots) by the PAH concentration in the roots (Cpoqs). The calculations
for both the BCF and the TF were performed using Microsoft Excel 2010
(Microsoft Corporation, USA).

3. Results and discussion
3.1. PAHs in non-treated sludge-soil (SS)

Over the course of the experiment, the soil-sludge treatment showed
a slight reduction in the concentration of investigated individual PAHs
compounds (Figs. 1-3). During the entire experimental period of 120
days, the initial total PAH concentration in the SS treatment (Table 56),
which was 1165 pg/kg dw, only decreased by 18 % (Fig. 4), which was
not significantly different (P < 0.05) compared to its respective initial
content at the start of the experiment. The result was in accordance with
Houshani et al. (2019), who reported a total PAHs maximum degrada-
tion rate of 31 % from bare (non-planted) soil after 120 days of exper-
imentation. In contrast to the findings of the current study, Feng et al.
(2019) reported a higher degradation of PAHs in non-planted soil
amended with sewage sludge (a value of 53 %), with total PAHs con-
centrations of 149.3-306.7 pg/kg dw. Similarly, Tomczyk et al. (2020)
also reported better degradation of X16 PAHs in sewage
sludge-amended soil (in the range of 48-57 %) compared to the current
study. However, the residual PAHs concentration was decreased negli-
gibly (Tables S6 and 57). The degradation of PAHs can be enhanced by
photodegradation and leaching processes. However, the removal of
PAHs from soil can be limited by factors such as the oxygen supply
provided by the sewage sludge and its specific surface area (Kottler and
Alexander, 2001).

In terms of individual PAHs, 2-3-ring PAHs exhibited a higher
removal percentage. Specifically, ACY, NAP ACY, and ACE had removal
values of 33.6 %, 56.7 % and 78.6 %, respectively (Fig. 1). A higher
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Fig. 1. The percentage removal (%) of individual low molecular weight PAHs from soil-sludge at the end of the experiment

The data represent means (+SD) of four replicate measurements. The same lowercase letters above bars indicate that differences among treatments were not sig-
nificant at P < 0.05 as determined by Turkey's test. Abbreviations: 8§ = natural attenuation of soil-sludge; MR-PL = mycoremediation of soil-sludge with fungal
substrates of P. ostreatus; MR-PH = mycoremediation of soil-sludge with fungal substrates of P. chrysosporium; MR-IR = mycoremediation of soil-sludge with fungal
substrates of I. lacteus; PSS = Phytoremediation of soil-sludge using maize; PMR-PL = plant assisted mycoremediation of soil-sludge with fungal strains of P. ostreatus;
PMR-PH = plant assisted mycoremediation of soil-sludge with fungal strains of P. chrysosporium; PMR-IR = plant assisted mycoremediation of soil-sludge with fungal
strains of I. lacteus.
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Fig. 2. The percentage removal (%) of individual medium molecular weight PAHs from soil-sludge at the end of the experiment

The data represent means (+SD) of four replicate measurements, The same lowercase letters above bars indicate that differences among treatments were not sig-
nificant at P < 0.05 as determined by Turkey’s test. Abbreviations: SS = natural attenuation of soil-sludge; MR-PL = mycoremediation of soil-sludge with fungal
substrates of P. ostreatus; MR-PH = mycoremediation of soil-sludge with fungal substrates of P. chrysosporium; MR-IR = mycoremediation of soil-sludge with fungal
substrates of I. lacteus; PSS = Phytoremediation of soil-sludge using maize; PMR-PL = plant assisted mycoremediation of soil-sludge with fungal strains of P. ostreatus;

PMR-PH = plant assisted mycoremediation of soil-sludge with fungal strains of P. chrysosporium; PMR-IR = plant assisted mycoremediation of soil-sludge with fungal
strains of I. lacteus.
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Fig. 3. The percentage removal (%) of individual high molecular weight PAHs from soil-sludge at the end of the experiment

The data represent means (£SD) of four replicate measurements. The same lowercase letters above bars indicate that differences among treatments were not sig-
nificant at P < 0.05 as determined by Turkey's test. Abbreviations: SS = natural attenuation of soil-sludge; MR-PL = mycoremediation of soil-sludge with fungal
substrates of P. ostreatus; MR-PH = mycoremediation of soil-sludge with fungal substrates of P. chrysosporium; MR-IR = mycoremediation of soil-sludge with fungal
substrates of . lacteus; PSS = Phytoremediation of soil-sludge using maize; PMR-PL = plant assisted mycoremediation of soil-sludge with fungal strains of P. ostreatus;
PMR-PH = plant assisted mycoremediation of soil-sludge with fungal strains of P. chrysosporium; PMR-IR = plant assisted mycoremediation of soil-sludge with fungal
strains of I. lacteus.
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Fig. 4. The percentage removal (%) of LMW PAHs, MMW PAHs, HMW PAHs, and Total sum of PAHs from soil-sludge at the end of the experiment

The data represent means (+5D) of four replicate measurements, The same lowercase letters above bars indicate that differences among treatments were not sig-
nificant at P < 0.05 as determined by Turkey’s test. Abbreviations: SS = natural attenuation of soil-sludge; MR-PL = mycoremediation of soil-sludge with fungal
substrates of P. ostreatus; MR-PH = mycoremediation of soil-sludge with fungal substrates of P. chrysosporium; MR-IR = mycoremediation of soil-sludge with fungal
substrates of I. lacteus; PSS = Phytoremediation of soil-sludge using maize; PMR-PL = plant assisted mycoremediation of soil-sludge with fungal strains of P. ostreatus;
PMR-PH = plant assisted mycoremediation of soil-sludge with fungal strains of P. chrysosporium; PMR-IR = plant assisted mycoremediation of soil-sludge with fungal
strains of I. lacteus; LMW, MMW, and HMW PAHs: low, medium and high molecular weight polycyclic aromatic hydro carbons, respectively.

degradation of low molecular weight PAHs can be attributed to their
chemical structure, which makes them more easily degradable and
prone to volatilization (Tomeczyk et al., 2020). In contrast, degradation
of 4-6-ring PAHs was relatively lower, as PYR, CHR and BkF were
negligibly removed with values of 7.1 %, 10.1 % and 11.9 %, respec-
tively (Figs. 2 and 3). Similar findings were reported by Garcia-Sanchez
et al. (2018), where removal of PAHs from the soil decreased as the
molecular weights of the PAHs increased. The limited PAH decrease can
be attributed to the higher hydrophobicity and lower bioavailability of
high molecular weight PAHs, as they exhibit a stronger affinity for
adsorption onto the soil matrix. According to a study by Baldantoni et al.
(2017), after 140 days there was a significant reduction of over 60 % in
the concentration of ANT, while the concentration of BaP decreased by
< 40 %. The degradation rate of ANT was higher, with only 5 % of its
initial concentration remaining after 5 months. On the other hand, BaP
showed a slower degradation rate in soil, as it retained approximately
50 % of its original concentration even after 9 months. This is likely to be
because BaP has lower water solubility than ANT and tends to adhere to
the soil organic matter, making it less available to microbial commu-
nities and therefore less biodegradable. Enzymatic activities were
examined to evaluate their contribution to the degradation of PAHs

Table 1
The activities of selected extracellular enzymes in the sewage sludge amended
soil at the end of an experiment.

Lipase (pmol Laccase (mmol Mun-peroxidase (mmol

MUFY/g dw) ABTS/g dw) DMAB/g dw)
ss 856 = 160a 13.6 4+ 17a 2.0 4 5.7ab
MR-PL 743 + 4352 30.3 + 28b n.d.

MR-PH 499 + 82a 21.6 + 14 ab n.d.

MR-IR 491 £ 118a 14.5 £ 12a 3.2 L 6.5ab

PSS 571 =+ 157a 17.9 4 9 ab 2.6 + 4.1 ab

PMR- 542 + 97a 32.7 + 38b 5.3+ 7.2¢
PL

PMR- 527 4 77a 25.2 + 11b 2.5 £ 3.5ab
PH

PMR- 723 + 195a 20.1 + 25b 3.7 £ 4.1b
IR

The data represent means (+SD) of four replicate measurements, The same
lowercase letters within the same column indicate lack of statistical differences
(P < 0.05) among treatments as determined by Turkey's test. Abbreviations: n.
d. = not detected; SS = natural attenuation of soil-sludge; MR-PL, MR-PH, MR-
IR = mycoremediation of soil-sludge with fungal substrates of P. ostreatus, P.
chrysosporium, I lacteus, respectively; PSS = Phytoremediation of soil-sludge
using maize; PMR-PL, PMR-PH, PMR-IR: plant assisted mycoremediation of
soil-sludge with fungal strains of P. ostreatus, P. chrysosporium, I lacteus,
respectively.
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(Table 1). In the SS treatment, no significant differences (P < 0.05) were
observed between the initial time and the values recorded at the end of
the experiment, which indicates no disturbances of the sludge-soil mi-
croorganisms. Similarly, in the study by Kosnar et al. (2019), no sig-
nificant differences were observed in the investigated ligninolytic
enzymes (LAC and MnP) or other extracellular enzymes at the end of the
experiment when compared to their respective initial values.

3.2. Mycoremediation of PAHs in sludge-soil (MR)

The mycoremediation (MR) treatments appeared to be more prom-
ising for removing PAHs from the sludge-soil compared to the soil-
sludge (SS) treatment. The X16 PAHs in mycoremediation by
P. chrysosporium (MR-PH) treatment showed a reduction of 832 pg/kg
dw within the experimental time frame (Tables S8 and $9), which
accounted for a removal percentage of 52 % (Iig. 4). The decrease was
significantly higher (P < 0.05) than the soil-sludge and other mycor-
emediation treatments. The pattern of degradation of LMW PAHs was
higher than HMW PAHs, with the percentage removal by mycor-
emediation treatments in the following decreasing order: LMW > MMW
> HMW. Ligninolytic fungi of P. chrysosporium showed the best degra-
dation potential of LMW PAHs, with a value of 84.4 %. The other fungi
species, P. ostreatus and I. lacteus, removed 48 % and 60 % of LMW PAHs,
respectively (Fig. 4). Byss et al. (2008) found a similar degradation rate
of low molecular weight PAHs compared to the current study using
I lacteus and higher degradation using P. ostreatus, in the range of 33-59
% and 48-72 %, respectively. However, in the current study, 51.7 %,
22.1 % and 15.3 % of high molecular weight PAHs were removed by
P. chrysosporium, 1. lacteus and P. ostreatus, respectively (Fig. 3). Previous
studies have provided evidence that white-rot fungi, specifically
P. chrysosporium, exhibit a remarkable ability to efficiently oxidize and
mineralize various aromatic compounds found in polluted soils. These
compounds encompass a wide range of substances, including HMW BaP
(Hadibarata et al., 2022; Abo-State et al., 2021), Oleszczuk (2006) also
mentioned that the degradation of high molecular weight PAHs (5-6
rings) can be achieved through co-metabolic processes.

Based on the individual PAH removal, both P. chrysosporium and
I lacteus degraded ACY, ACE and FLU completely (Fig. 1), while
P. ostreatus removed 38-79 % of LMW PAHs (Fig. 4). However, signifi-
cantly lower removal rates of individual HMW PAHs from soil, such as
BKF, BbF, BaP, IPY and BghiP, were observed in sludge-soil with
P. ostreatus (MR-PL) and I. lacteus (MR-IR), ranging from 8.1 to 33.9 pg/
kg dw (Table $8). Similarly, Covino et al. (2010) reported a lower
degradation of medium molecular weight and high molecular weight
PAHs by P. ostreatus, including CHRY, BbF and BKF. The reported
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degradation rates were 29.7 %, 39.7 % and 32.8 %, respectively. On the
other hand, P. chrysosporium (MR-PH) treatment showed better signifi-
cant removal of total high molecular weight PAHs (P < 0.05) than other
MR treatments and the SS treatment, with a 416 pg/kg dw decrease from
the initial concentration after 120 days of the experiment (Table 59).
Soil-sludge with P. ostreatus substrate (MR-PL) treatment had signifi-
cantly higher (P < 0.05) laccase activities compared to the other MR and
SS treatments conducted. Moreover, soil-sludge with P. chrysosporium
(MR-PH) treatment also showed comparable laccase activity after 120
days of the experiment (a value of 21.5 mmol ABTS/g dw) but registered
significantly higher (P < 0.05) degradation of total PAHs compared to
the soil-sludge (SS) and other mycoremediation (MR) treatments
(Fig. 4). Extracellular manganese peroxidase activity was not found with
either the P. ostreatus substrate (MR-PL) or P. chrysosporium (MR-PH)
treatment. Surprisingly, P. chrysosporium showed better degradation
performance of PAHs in the MR treatments but the enzyme concentra-
tions were not satisfactory compared to other MR treatments. In fact,
P. chrysosporium can adsorb PAHs in its mycelial pellets owing to its
abundant conjugated structures (C=C and aromatic components) and
high carbon content (Gu et al., 2015). Previous studies have indicated
that the process of biosorption, specifically the adsorption of PAHs, by
the fungus of P, chrysosporium may be a crucial factor in the removal of
PAHSs. This is due to several characteristics of the fungal mycelium, such
as its significant carbon content, its aliphatic and aromatic components
and its various chemical groups (Li et al., 2010; Chen and Ding, 2012).

3.3. Phytoremediation of PAHs in sludge-soil (PSS)

Dissipation of the total PAHs from phytoremediated sludge-soil was
significantly higher (P < 0.05) compared to the soil-sludge (SS) treat-
ment but lower than for the mycoremediation (MR) treatments. The
detected degradation rate during the time frame of the study was 32 %,
accounting for a PAH concentration of 301 pg/kg dw (Fig. 4). Gar-
cia-Sanchez et al. (2018) also reported the removal of £16 PAHs by using
maize after 120 days of experiment, with a higher degradation rate of
37.1 %. A study by Feng et al. (2019) reported higher degradation of
total PAHs in the sewage sludge-amended soils after 126 days of
experiment, with a removal rate of 60.1 % by using the tall fescue plant.
Guo et al. (2017b) also reported improved degradation of total PAHs
with the presence of maize root exudates during their incubation
experiment on aged agricultural soil, varying from 69.2 % to 78.4 %.

Degradation of the sum of low molecular weight PAHs was higher
than that of high molecular weight PAHs, with a removal rate of 68 %
(Fig. 1). Among the individual low molecular weight PAHs, ACE, FLU
and PHE were completely removed on phytoremediation soil-sludge
(PSS) treatment (Fig. 1). These higher dissipation rates could be
attributed to the active participation of maize plants in the rhizospheric
breakdown of PAHs (Segura and Ramos, 2013; Sun et al., 2013).
LMW-PAHSs might also exhibit a faster process of adsorption and transfer
within plant cells compared to HMW-PAHs (Ramezanzadeh Arvanaghi
etal., 2017). BaP and IPY had the highest removal rates among the high
molecular weight PAHs, with values of 56.8 % and 39.0 %, respectively
(Fig. 3). The enzymatic activities of lipase, laccase and manganese
peroxidase in the PSS treatment did not show significant differences
compared to the soilsludge (SS) treatments (P < 0.05) (Table 1). How-
ever, laccase activity was significantly lower in the PSS treatment
compared to the plant-assisted mycoremediation (PMR) treatments at
the end of the experiment. Nevertheless, the dissipation of PAHs from
planted soil-sludge was significantly (P < 0.05) higher than in bare
sludge-soil. This could potentially be attributed to the action of plant
enzymes released through root exudates, which enhance the accessi-
bility of PAHs and provide additional materials for co-metabolic
degradation. Additionally, the soil environment is modified in a
manner that creates a more favourable condition for the indigenous
microbial degradation of PAHs (Hamdi et al., 2012; Feng et al., 2014;
Grifoni et al., 2020).
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3.4. Plant-assisted mycoremediation of PAHs in sludge-soil (PMR)

During the experimental period, the highest reduction in total PAHs
concentrations was observed in plant-assisted mycoremediation treat-
ments utilizing I lacteus substrate (PMR-IR) and P. ostreatus substrate
(PMR-PL). These treatments achieved average reductions of 60 % and
57 %, respectively. These values were significantly greater (P < 0.05)
compared to the degradations achieved in other experimental treat-
ments (Fig. 4). Furthermore, when using P. ostreatus in plant-assisted
mycoremediation, that treatment also demonstrated a more satisfac-
tory degradation potential of PAHs than the SS and PSS treatments, with
a removal rate of 57 % at the end of the experiment. For 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 (Table S7). The plant
assisted mycoremediation treatments with P. ostreatus substrate (PMR-
PL) and with P. chrysosporium substrate (PMR-PH) were able to remove
ACE and FLU completely (100 %), and with I lacteus substrate (PMR-IR)
treatment showed a removal rate higher than 99 % for FLU, ANT and
PHE compared to their initial concentrations (Fig. 1), Similarly, Deng
and Zeng (2017) have studied the degradation of PHE by
P. chrysosporium combined with alfalfa, resulting in a degradation rate of
85 % compared to its initial concentration after 60 days. BkF, IPY and
BghiP were dissipated in the soil of both the with P. chrysosporium sub-
strate (PMR-PH) and with L lacteus substrate (PMR-IR) treatments, with
a removal rate of 61-100 % in the time frame of study, while other
medium molecular weight and high molecular weight PAHs compounds
exhibited a lower dissipation rate of 9-44 %. The removal of IPY and
BghiP in PMR treatments was significantly higher (P < 0.05) compared
to SS treatment at the end of the experiment. During the experimental
time frame, the enzymatic activities of laccase and manganese peroxi-
dase in the PMR treatments were significantly higher in comparison
with both the SS and PSS treatments (Table 1). Indeed, root exudates
serve as a carbon source and nutrient supply that enhance the prolifer-
ation of soil fungi (Liu et al., 2013). As also noted by Muratova et al.
(2009), root exudates play a role in stimulating the growth and vitality
of soil microorganisms, potentially resulting in improved enzyme
secretion. This finding suggests that the increased enzymatic activity
could be a contributing factor to the higher removal rates of total PAHs
observed in the PMR treatments compared to the other studied treat-
ments. The potential for large-scale application of plant-assisted
mycoremediation seems promising, given its heightened efficiency in
PAH removal by enhancing enzymatic activity. Choosing treatments
exhibiting notably higher degradation rates allows for the strategic se-
lection of specific fungal strains, optimizing the degradation of PAHs.

3.5. Bioconcentration of PAHs in maize

Fig. 5 shows the bioconcentration of PAHs in the roots and shoots of
maize in the experimental period. The yield of dried roots and above
ground biomass at the end of study is shown in Table S12. The sum of
low molecular weight PAH concentrations in the root ranged from 21.4
to 42.8 pg/kg dw. In all the PSS and PMR treatments, the root samples
showed a higher concentration of ANT compared to other compounds,
with values ranging from 21.4 to 36.6 pg/kg dw (Table 510). This could
be attributed to the compound’s higher solubility (76 pg/1) (Table 54)
compared to other low molecular weight PAHs. Additionally, according
to Wild et al. (2005), the uptake of ANT by maize was directly associated
with water uptake, in which the compound’s solubility is a contributing
factor. Another reason is most likely the degree and nature of its in-
teractions with the cell walls and other structures. Following ANT, FLUO
was observed in the concentration range 14.7-23.1 pg/kg dw in the root
samples (Table S10). The concentrations of medium molecular weight
and high molecular weight PAHs in the root samples of maize ranged
from 22.0 to 47.6 pg/kg dw (Fig. 5). The concentration of 16 PAHs in
the phytoremediation soil-sludge (PSS) treatment reached a



A.D. Chane et al.

@PSs

PAHs in plant biomass (ng/kg)

BPMR-PR

Fungal Biology 128 (2024) 1675-1683

®PMR-PH EPMR-IR

LMW LMW MMW MMW HMW HMW % 16 PAHS} 16 PAHS
PAHs root PAHs PAHsroot PAHs PAHsroot PAHs root shoot
shoot shoot shoot

Fig. 5. The concentration of the total sum of LMW, MMW, and HMW PAHs and total PAHs in plant biomass (ug/kg dw) at the end of the 120-day experiment

The data represent means (+SD) of four replicate measurements. The same lowercase letters above bars indicate that differences among treatments were not sig-
nificant at P < 0,05 as determined by Turkey's test, Abbreviations: nd = not detected; PSS = Phytoremediation of soil-sludge using maize; PMR-PL = plant assisted
mycoremediation of soil-sludge with fungal strains of P. ostreatus; PMR-PH = plant assisted mycoremediation of soil-sludge with fungal strains of P. chrysesporium;
PMR-IR = plant assisted mycoremediation of soil-sludge with fungal strains of I. lacteus; LMW, MMW, and HMW PAHs: low, medium and high molecular weight

polyaromatic hydro carbons, respectively.

significantly higher (P < 0.05) value of 131 pg/kg dw than the other
plant-assisted mycoremediation (PMR) treatments, with values in the
range of 43-108 pg/kg dw (Fig. 5). This could be due to the increased
microbial activity due to the addition of fungal substrate influencing the
availability of PAHs and its uptake by plants (Houshani et al., 2019).

In the maize shoots, only ACE, ANT, FLUO and PYR were detected,
belonging to the group of low molecular weight and medium molecular
weight PAHs (Table S11); it was observed that the concentration of
LMW PAHs was higher than that of the medium molecular weight PAHs.
Among the low molecular weight PAHs, a higher concentration was
found in the case of ANT, with the value varying from 5.7 to 8.9 pg/kg
dw for both the PSS and plant-assisted mycoremediation (PMR) treat-
ments. On the other hand, FLUO and PYR were found at concentrations
of 0.8-1.8 and 0.6-1.1 pg/kg dw, respectively (Table 511). In the PM-IR
treatment, while ANT was found in the roots, other compounds within
the group of low molecular weight and high molecular weight PAHs
were not detected in either the root or shoot of maize. The absence of
high molecular weight PAHs in maize shoots suggests a possible reason
why PAHs with more aromatic rings are more hydrophobic and physi-
cally less able to traverse cell membranes (Gao and Zhu, 2004).

A significant (P < 0.05) positive correlation (Table 513) was found
between the maize root yield and the concentrations of medium mo-
lecular weight and high molecular weight PAHs in the roots. BghiP, IPY,
CHR and BaP showed a positive correlation, with coefficients of 0.57,
0.64, 0.72 and 0.78, respectively. Among the compounds detected in the
shoots of maize, only FLUO had a significantly positive correlation with
the above-ground biomass yield, with a coefficient of 0.50.

Tables 2 and 3 present the BCF and TF results for the PAHs in maize;
BCF and TF calculations were employed to assess the plant’s capacity for
accumulating PAHs in its tissues from the soil, thus providing an insight
into the bioaccumulation and transfer of PAHs from roots to shoots,
respectively. The findings revealed that the plant biomass exhibited
higher BCF values of 0.53-0.99 for ANT, indicating significant accu-
mulation of this compound, facilitated by both fungal strains and ANT
removal from the soil. During PMR-PH treatment, PYR, IPY and BghiP
showed notably higher (P < 0.05) BCF values compared to the other
treatments.

Specifically, ACE demonstrated a significantly higher (P < 0.05) TF
value of 0.92 in the PSS treatment than with the PMR treatments. The
other detected compounds, namely ANT, FLUO and PYR, exhibited TF
values of 0.26-0.07. In all investigated treatments, the TF and BCF
values were <1, indicating safe production of maize on sludge-amended
soil. These values imply that maize had limited capacity to extract
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Table 2
Bioconcentration factor of detected PAHs in the roots of maize.
PSS PMR-PL PMR-PH PMR-IR

ANT 0.68 £ 0.09a 0.53 £ 0.06a 099 + 0.7b 0.95 + 0.07b
FLOU 0.18 £ 0.05b 0.11 + 0,02 ab 0.09 & 0.02a 0.09 + 0.01 ab
PYR 0.17 £ 0.04 ab 0.09 £ 0.02a 0.20 + 0.07b 0.06 + 0.01a
BaA 0.09 + 0.05a 0.08 £ 0.09a 0.04 + 0.02a 0.02 + 0.001a
CHR 0.11 + 0.04a 0.06 + 0.02a 0.15 = 0.09a -
BbF 0.20 + 0.09a 0.11 + 0.04a 0.07 = 0.08a -
BaP 0.18 + 0.04a 0.11 + 0.04a 0.16 + 0.02a -
IPY 0.25 + 0.09a 0.15 + 0.05a 0.54 + 0.06b -
BghiP 0.19 + 0.7a 0.13 + 0.01a 0.38 + 0.04b -

The data represent means (+SD) of four replicate measurements. The same
lowercase letters within the same row indicate lack of statistical differences (P <
0.05) among treatments as determined by Turkey’s test. Abbreviations: - = not
estimated; PSS = Phytoremediation of soil-sludge using maize; PMR-PL, PMR-
PH, PMR-IR: plant assisted mycoremediation of soil-sludge with fungal strains
of P. estreatus, P. chrysosporium, I. lacteus, respectively.

Table 3
Transfer factor of detected PAHs from roots into the shoots of maize.
PSS PMR-PL PMR-PH PMR-IR
ACE 0.9 £ 0.4a 0.95 £ 0.8a 0.31 £ 0.09a n.d.
ANT 0.24 + 0.05a 0.25 £ 0.07a 0.21 £ 0.11a 0.27 + 0.08a
FLUO 0.08 £ 0.03a 0.07 £ 0.03a 0.05 £ 0.03a 0.09 + 0.02a
PYR 0.07 £ 0.02a 0.11 £ 0.03a 0.07 £ 0.05a 0.09 + 0.02a

The data represent means (+5D) of four replicate measurements, The same
lowercase letters within the same row indicate lack of statistical differences (P <
0.05) among treatments as determined by Turkey’s test. Abbreviations: n.d. =
not detected; PSS = Phytoremediation of soil-sludge using maize; PMR-PL, PMR-
PH, PMR-IR: plant assisted mycoremediation of soil-sludge with fungal strains of
P. ostreatus, P. chrysosporium, I. lacteus, respectively.

considerable quantities of PAHs from the soil and transport them to the
shoots (Agnello et al., 2016). The lipophilic and hydrophobic nature of
MMW and HMW PAHs has been identified as the main reason for the
restricted translocation from roots to shoots (Gao et al., 2010; Houshani
et al., 2019),

4. Conclusion

The plant-assisted mycoremediation treatments achieved the most
effective removal of PAHs from the soil in this study. The degradation
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rates of total PAHs of these treatments using different ligninolytic fungi
species ranged between 48 % and 60 %. Among the different groups of
PAHs, the LMW PAHs showed a greater tendency to be removed by all
tested treatments compared to the other PAH groups. Mycoremediation
treatment using the fungus P. chrysosporium showed a significantly
higher degradation rate of total PAHs compared to the natural attenu-
ation sludge-soil and the other fungal strains used in the treated sludge-
soil, achieving removal rates of 60 %. While most of the analysed PAHs
were found in the roots of maize, only four PAHs were detected in the
maize shoots and their concentrations were relatively low. Moreover,
the BCF and TF were <1, indicating that the PAHs were not significantly
accumulated or transported within the plant. Notably, the plant-assisted
mycoremediation approach displayed higher enzymatic activities
compared to the other studied treatments, ultimately resulting in better
degradation of the PAHs by the end of the experiment. Future in-
vestigations could explore the complex interactions among diverse plant
and fungi species, soil components, and PAHs by delving into varied
enzymatic activities and the associated biochemical pathways in the
degradation process. Moreover, conducting extensive, long-term studies
to assess the sustained effectiveness and viability of plant-assisted
mycoremediation would offer insights into treatment stability and its
prolonged impact on soil health.
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ABSTRACT
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The study was aimed to conduct the bioremediation of synthetic musks by four species of white rot fungi
combined with phytoremediation (Zea mays) in biosolid-amended soils where only Galaxolide (HHCB) and
Tonalide (AHTN) were found as other musks were below the detection limit (0.5-2 pg/kg dw). The HHCB and
AHTN concentration in natural attenuation treated soil was decreased by not more than 9%. In solely mycor-
emediation, Pleurotus ostreatus was found to be the most efficient fungal strain, with the higher (P < 0.05) HHCB
and AHTN removal (51.3% and 46.4%). Phytoremediation-only of biosolid-amended soil was also able to remove
HHCB and AHTN from soil significantly (P < 0.05) in comparison to the control treatment without plants which
resulted in the final concentration for both compounds of 56.2 and 15.3 pg/kg dw, respectively. Using white rot
fungus-assisted phytoremediation, only P. ostreatus decreased the HHCB content in soil significantly (P < 0.05)
by 44.7%, when compared to the initial concentration. While using Phanerochaete chrysosporium, the AHTN
concentration was decreased by 34.5%, which was a significantly lower concentration at the end of experiment
compared to the initial value. Via fungus-assisted phytoremediation, the enzymatic activity and fungal biomass
were increased, probably due to the presence of roots in association with the soil microbiome, in the process
increasing the degradation of fragrances accordingly. This could lead to a higher (P < 0.05) AHTN removal in
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P. chrysosporium assisted phytoremediation. Estimated HHCB and AHTN bioaccumulation factors in maize were
lower than 1, therefore no environmental risk would be posed.

1. Introduction

Synthetic musk compounds are represented by polycyclic and nitro
musks; however, the production of nitro musks was banned due to their
bioaccumulative tendency (Lange et al., 2015). The most used synthetic
musk compounds, Galaxolide (1,3,4,6,7,8-hexahydro-4,6,6,7,8,8-hex-
amethylcyclopenta-(g)-2-benzopyran) and Tonalide (7-acetyl-1,1,3,4,4,
6-hexamethyl-1,2,3,4-tetrahydronaphthalene), since their development
in the 1950s, are commonly used as additives in perfumes, powders and
gel detergent, liquid and solid body or hair soaps, detergents and others,
which are added to give a good odour (Li et al., 2016). The extensive
production and usage of synthetic musk compounds lead to their
occurrence in sewage sludge (Kosnar et al., 2021; Sun et al., 2014),
cosmetics (Nakata et al., 2015), soil (Biel-Maeso et al., 2019; DiFran-
cesco et al., 2004, sediment (Lou et al., 2016; Zhang et al., 2020), crops
(Bohmer, 2007; Macherius et al., 2012) and air (Balci et al., 2020; Xie
et al., 2007). The majority of Galaxolide (AHTN) and Tonalide (HHCB),
up to 90%, reaching sewage sludges produced by wastewater treatment
plants (WWTPs) is sorbed into sludge particles (Lou et al., 2016). Pre-
vious reports have shown that in Europe and the United States, of the
produced biosolids about 50% is being applied to land, which means
several million tons of dry biosolids annually (Kinney and Heuvel,
2020).

Amending the soil by using biosolids can supply essential nutrients to
plants by substituting inorganic fertilisers (Seleiman et al., 2020).
However, the application of sludge contributes through increasing toxic
contaminants in the receiving soil to their presence in the food web.
Synthetic musk compounds have been found in sludge directly from
WWTPs as well as in composted sludge (Chen et al., 2014; Kosnar et al.,
2021; Ramos et al., 2021). Synthetic musks’ relatively high n-octa-
nol/water partition coefficient (log Kow) lead to increased lipophilicity.
Therefore, they can be with ease adsorbed by particulate organic content
towards their accumulation in soils and sediments and are resistant to
many biological and chemical degradation methods due to a low
bioavailability (Chen et al., 2014; Hu et al., 2011; Wang et al., 2013a).
Previous studies have indicated that these contaminants will last long in
the soil after application and could transfer into the food chain, and their
bioaccumulative tendency has been reported (Homem et al., 2017;
Rivier et al., 2019). Bohmer (2007) estimated the half-life of HHCB and
AHTN dissipation in biosolid-amended soil to achieve 1-1.5 and 2-24
years, respectively. DiFrancesco et al. (2004) reported the dissipation of
fragrance compounds in the soil; however, some synthetic musk com-
pounds including Tonalide were found after 1 year in the
biosolid-amended soil.

Phytoremediation can be seen as the usage of plants to facilitate the
degradation of pollutants in various ways, including compound scatter,
breakdown and transformation. Through phytoremediation, fragrances
and many other organic contaminants are taken up by plants, but for
some long-lasting compounds such as persistent organic pollutants
phytoremediation alone can be slow and inefficient (Macherius et al.,
2012; Zhang et al., 2017). For instance, the phytoremediation of poly-
cyclic aromatic hydrocarbons (PAHs) in the soil is only around 9-24%
efficient due to a low bioavailability (Parrish et al., 2004). To improve
the efficiency of phytoremediation, microbe-assisted phytoremediation
is a low-cost, reliable and environmentally friendly approach (Yang
et al., 2020).

White rot fungi are known to produce of many ligninolytic enzymes
for the degradation of complex organic structures, such as lignin. Lig-
ninolytic enzymes also enables them to decompose a variety of persis-
tent organic pollutants, which could be a promising option to degrade
synthetic musk compounds due to their capability to break a benzene

ring. White rot fungi can produce many extracellular enzymes, namely
lignin peroxidases, manganese-dependent peroxidases and laccases
(Cajthaml et al., 2009; Gao et al., 2010). Most commonly used white rot
fungi are Pleurotus ostreatus, Phanerochaete chrysosporium, Bjerkandera
adusta, Trametes versicolor, Irpex lacteus and many other fungi (Mir-Tu-
tusaus et al., 2018). Previously published studies showed the ability of
different plants to uptake musks from the soil, but there is a lack of
investigation of the behaviour of synthetic musk compounds in
plant-soil systems amended with different white rot fungi species related
to the soil enzymatic activities.

The objectives of this research were: (a) to compare the degradation
of synthetic musk compounds in biosolid-amended soil in planted (via
maize Zea mays) and non-planted treatments, and (b) to assess the
effectiveness of three different white rot fungi species, namely Pleurotus
ostreatus, Phanerochaete chrysosporium and Irpex lacteus in the removal of
synthetic musks planted with Zea mays compared to non-planted treat-
ments, related to the soil microbial and enzymatic activity.

2. Material and methods
2.1. Extraction solvents and analytical standards

Solvents used in the extraction process were n-hexane (Chromsolv
for pesticide residue analysis), acetone (Pestinorm), and ethanol (p.a.)
all obtained from Chromservis (Czech Republic). Internal standards of
Tonalide-ds, musk xylene-d;s and PCB 116-ds were provided by Neo-
chema (Germany) and LGC Standards (UK). The stock solution of 11
synthetic musk compounds was obtained from Neochema (Germany). p-
terphenyl-d; 4 purchased from Chromservis, Czech Republic was used as
a spiking surrogate.

2.2. Soil and sludge description

The representative soil used in the experiment was obtained from a
long-term trial site (Humpolec, Czech Republic at 49.5540547 N,
15.3499731 E). The air-dried, homogenised soil, sieved (<2 mm) for the
removal of stones, large roots and branches, showed a pH (CaCly), EC
(uS/cm) and CEC (mmol‘*)/kg) of 5.4, 329 and 76.8, respectively.
Texture composition was as follows: sandy loam (clay, 5.8%; silt, 43.6%;
sand, 50.6% w/w). The total nitrogen and total carbon contents were 1.9
and 19.3 g/kg dry weight (dw), respectively. The total element content
was determined for S (0.40 g/kg dw), K (3.8 g/kg dw), P (1.1 g/kg dw),
Ca (2.2 g/kg dw) and Mg (2.8 g/kg dw). More detailed measurements of
the physiochemical properties of sludge and soil are shown in the sup-
plementary material. The background contamination of experimental
soil by 11 screened synthetic musk compounds (Table S1) was checked
and no synthetic musk compounds (SMCs) were detected because the
concentration of screened musks was lower than the detection limit
(0.4-2.0 pg/kg dw) in Table S5.

The anaerobically stabilised sewage sludge was collected from a
WWTP serving around 200,000 inhabitants and with a wastewater load
of 38%. The wastewater hydraulic retention time in WWTP was 35 days,
with biochemical and chemical oxygen demand removal efficiencies of
96.8% and 95.4%, respectively. The representative sludge sample of 10
kg fresh weight consisted of four randomly taken subsamples of anaer-
obically treated sludge. Thoroughly mixed sludge was then transported
at 4 °C to the laboratory for further homogenisation. Prior to analysis,
the homogenised sludge was freeze-dried and kept in a fridge in amber
glass bottles. The remaining sludge used for soil amendment was kept at
4 °C. The physiochemical properties of the sludge were determined: a
dry matter content of 23.3% and a pH (CaCly) of 6.50. The elemental
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composition of C, H, N and S was 272.1, 45.1, 41.1 and 11.7 g/kg dw,
respectively, and the C/N ratio was 7.8, The sewage sludge was also
analysed for SMCs before amendment. The contents of individual musks
were Cashmeran 8.9 pg/kg dw, Celastolide 5.7 pg/kg dw, Phantolide
20.9 pg/kg dw, Galaxolide 4161 pg/kg dw, Tonalide 1053 pg/kg dw,
other musks (Traseolide, musk ambrette, musk xylene, musk moskene,
musk tibeten, musk moskene) were not detected and the resulting
3"SMCs was 5256 pg/kg dw.

2.3. Preparation and characterisation of fungal substrates

Wheat straw pellets were used as a lignocellulosic substrate for
growing three ligninolytic fungal species. Pleurotus ostreatus (Jacq.) P.
Kumm., strain HK35 (P. estreatus), Phanerochaete chrysosporium (Burds.)
(P. chrysosporium) and Irpex lacteus (Fr.), strain 931 (I. lacteus) were
obtained from the Department of Horticulture, CZU Prague and collec-
tion of basidiomycetes owned by Institute of Microbiology, Academy of
Sciences, Czech Republic. The inoculum of each fungus was prepared
following the methodology described by Kosnar et al. (2019). Briefly,
each fungus was cultured on 2% (w/v) malt extract-glucose agar to get
the mycelium of the respective fungi. The resulting mycelium was
applied as fungal spawn on wheat grain. That substrate, in 1-L glass
bottles containing gypsum 5% (w/w), was autoclaved for 2 h at 120 °C,
inoculated with agar pieces containing mycelia and cultivated at room
temperature for two weeks. Sterilised wheat straw pellets, in a 2.5-L
plastic container with a moisture content of 60% (w/w), were inocu-
lated with previously made substrate with each culture. Mycor-
emediation substrates with white rot fungi were cultured for 4 weeks
until the whole layer of straw pellets was overgrown by fungal myce-
lium. The substrate grown with fungi for the bioremediation experiment
was characterized by dryness and total organic matter of 33.7 and
96.9%, respectively. Other properties determined were C, H, N and S
contents, with values of 457.1, 69.5, 3.4 and 1.0 g/kg dw, respectively.

2.4. Experimental setup

The bioremediation experiment was carried out in eight treatments,
each in four replications as follows: A) biosolids soil (SS) represented
natural attenuation of synthetic musks in sludge-amended soil; B)
mycoremediation of synthetic musks from soils amended with biosolids
using different white rot fungi (M): i) (M-PL) soil-sludge substrate with
P. ostreatus, ii) (M — PH) soil-sludge substrate with P. chrysosporium, iii)
(M-IR) soil-sludge substrate with L lacteus; C) phytoremediation of
synthetic musks from soil amended with sludge (PSS); D) phytor-
emediation, together with different white rot fungi, of synthetic musks
from sludge-amended soil (PM), i) (PM-PL) planted soil-sludge substrate
with P. ostreatus, ii) (PM-PH) planted soil-sludge substrate with
P. chrysosporium, iii) (PM-IR) planted soil-sludge substrate with L. lacteus.
In our study, maize (Zea mays L. var, Colisee) (KWS Saat, Germany) was
tested in phytoremediation treatments. For each treatment, 4 kg dw of
soil was mixed with 1 kg of fresh sludge and mycoremediation treat-
ments had 0.2 kg of fresh substrate grown with the respective white rot
fungus placed in plastic pots (6 L with height, top diameter = 21 cm,
bottom diameter = 18.0 ¢cm) with three holes at the bottom. Another
plastic pot without holes under the perforated one was used to catch the
possible leachate which was returned on top of the soil. Planted pots
were sown with eight maize seeds per pot, and then, 2 weeks after
germination, four seedlings of a similar size were selected and left in the
pot, for the rest of the experiment. The soil of planted and non-planted
treatments was irrigated with distilled water to maintain a 60% water-
holding capacity during the experiment. All pots were placed
randomly in the outdoor and roofed vegetation hall that controls at-
mospheric precipitation, which in most cases resembles the actual field
conditions.

Soil samples consisting of three thoroughly mixed subsamples per
pot were collected at days 0 and 120 of the experiment from the whole
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soil profile. Soil samples for synthetic musk analyses were lyophilised,
ground and stored in a freezer before analysis. Soil samples for ergos-
terol and extracellular enzyme activity analyses were stored at 4 °C.
Plants were harvested after 120 days of the experiment and separated
into shoots and roots. Roots were separated from the soil carefully and
rinsed with demi-water, Roots and shoots were cut into smaller pieces
and lyophilised, milled and stored at 4 °C before the analyses of SMCs.

2.5. Synthetic musks extraction and analysis

SMCs in solid samples were extracted based on the method devel-
oped by Kosnéar et al. (2021), In a brief, 1 g of solid sample with replicate
(n = 4) from each treatment was placed into 50-mL glass tubes and
spiked with 1 mL of surrogates at 500 ng/mL (Table 52). Then, the
following extraction solvents were added: 10 mL of ethanol, sodium
acetate buffer (pH 3.4) and n-hexane, The mixture was shaken on GFL
3017 shaker (DKSH, Switzerland) at 150 revolutions per minute (rpm)
for 30 min, followed by immersion in an ultrasonic tank (Bandelin
Sonorex, DT510H, Germany) at 35 °C for 30 min. After balancing the
weight of extracts with pure n-hexane, samples were centrifuged
(1328:<g) on Rotina 420 R (Hettich, Germany) for 10 min at laboratory
temperature, The n-hexane solvent was collected and filtered using 150
mm filter paper (Whatman®, Grade 40). Re-extraction was done by
further ultrasonication after adding 5 mL of n-hexane and repeating the
procedure described above. The poured n-hexane from the extraction
was evaporated to near dryness (—0.2 mL) using nitrogen. A clean-up
procedure was carried out using solid phase extraction (SPE) with
Strata SI-1 silica gel cartridges (Phenomenex, USA) for the extraction of
musk from the initial sludge and Strata FL (Florisil™) cartridges (Phe-
nomenex, USA) for the sludge-amended soil and biomass samples to
minimise possible matrix effects as was suggested by Vallecillos et al.
(2015). The SPE was conditioned with 10 mL of n-hexane-ethyl acetate
mixture (9: 1 v/v). Re-dissolved extracts (2 mL) in n-hexane were loaded
onto silica gel. Elution was done with 10 mL of n-hexane and washing
with an n-hexane-ethyl acetate mixture (1: 1 v/v). Combined eluate and
washing fractions were again concentrated to a near dryness, and then
n-hexane was added to 2 mL. Final extracts were mixed with 100 uL of
internal standards (Table $3) in a 2-mL amber vial consisting of 200
ng/mL of each in n-hexane.

2.6. Synthetic musks GC/MS/MS analysis

Target compounds were analysed using the Agilent 8890 gas chro-
matograph with Agilent 7000D triple quadrupole detector (Agilent GC/
MS/MS, California, USA) and automatic sampler system PAL RTC (CTC
Analytics AG, Switzerland) as was by Kosnar et al. (2021). In a brief, the
target musk compounds were separated on a 30 m x 0.25 mm x 0.25 pm
XLB Restek column (Bellefonte, USA). Pure 6.0 helium with the flow
(1.0 mL per minute), pressure (23 psi) and purge (50 mL per minute) was
used as a carrier gas in the splitless regime. Starting oven temperature
was 60 °C (1 min), then 220 °C (40 °C per minute) and finally 320 °C
(10 °C per minute) kept for 1 min. Mass spectrometer transitions of in-
dividual musk analytes are summarised in Table 54.

2.7. Quality assurance, control and method precision

To prevent external contamination by target SMCs all glassware were
properly rinsed with non-polar solvents of acetone and n-hexane three
times before each analysis, followed by heating to dryness. The cali-
bration standards (0.5, 1, 5, 10, 50, 100, 500 and 1000 ng/mL) were
done from the stock solution (5000 ng/mL) of 11 synthetic musk mixture
(Neochema, Germany) with pure n-hexane, with R? > 0.995 for each
musk, and directly injected to construct the calibration curve, as was
recommended by Ramos et al. (2019). The method limit of detection
(MLOD) of individual musks was in the range of 0.5-1.0 ng/mL
(Table S5). Procedural and technical blanks were run together with the
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samples and fresh calibration every time to find possible background
musks concentration. Technical blanks of pure n-hexane which were not
subjected to the extraction procedure were regularly performed between
the samples during the analysis to prevent the possible carry-over of
measured analytes. Musk compounds in procedural blanks were below
the limit of detection. Together with sample extracts and procedural
blanks, fresh calibration standards, technical blanks, and check stan-
dards were measured in duplicate. Check standards of p-terphenyl-dy4 in
pure hexane at 500 ng/mL were used to determine the actual added
concentration and stability of GC/MS/MS and its condition during the
analyses as well. Extraction efficiencies of the surrogate standard
calculated as extracted concentration/added concentration * 100% were
used for the correction of each sample results. The mean p-terphenyl-d; 4
recovery from the extraction of solid samples was 94%.

2.8. Total biomass of fungi

The total fungal biomass of soil was estimated by the estimation of
ergosterol content in the treated soil, as was described by Djajakirana
et al. (1996), employing high-performance liquid chromatography with
reversed-phase, Extraction of ergosterol proceeded from 1 g of fresh soil
in flat-bottom glass bottles. Then, 25 mL of methanol was added and
shaken at 250 rpm for 30 min. The filtered reaction mixture was evap-
orated at 40 °C using a laboratory rotavapor (BUCHI Labortechnik AG,
Flawil, Switzerland) to near dryness. The soil extract was then
re-constituted with 1 mL of methanol and filtered using a 0.45-pm nylon
syringe filter into a vial. Quantification of ergosterol content was per-
formed using a calibration curve (10-1000 ng/mL) made of ergosterol
standard (Merck Life Science, Czech Republic).

2.9. Soil enzymatic activity

For the determination of ligninolytic (MnP: manganese-dependent
peroxidase, Lac: laccase) and hydrolytic lipase (Lip) enzymes, an
extraction mixture contained 0.2 + 0.001 g of a lyophilised soil and 20
mL of 50 mM phosphate buffering solution (pH 7.0). The suspension was
homogenised using an IKA T25 miller (IKA®-Werke GmbH & Co. KG,
Germany) for 30 s, The suspension was then mixed with 2,50 mM 4-
methylumbelliferyl-caprylate to quantify the enzymatic activity of Lip,
as a change in fluorescence. To determine MnP and Lac, the suspension
had to be filtered and desalted (PD-10 columns). The activity of both
MnP and Lac must be measured immediately after substrate application
(Baldrian, 2009). Lac activity was measured spectrophotometrically at
420 nm, and MnP activity at a wavelength of 590 nm. Both enzymes
were measured as a change in absorbance, for 12 min every 2 min (7 x 2
min) using a Tecan 96-well plate reader (Infinite M200, Tecan Trading
AG, Switzerland) according to the procedure developed by Baldrian
(2009). All activities were expressed in U/g soil dw. One unit (U) is the
amount of enzyme which produces one pmol of the respective reaction
product per minute.

2.10. Data evaluation and statistics

Statistical evaluation was performed with the Statistica 7 software
package (StatSoft, USA). A paired sample t-test and one-way ANOVA.
Tukey's test was applied for the statistical significance determination,
where P < 0.05 data were significant. Significant differences among
each treatment as determined by Tukey's test were indicated by
different letters in Tables and Figures. Bioconcentration factor (BF) was
used to calculate the accumulation ratio of synthetic musk compounds in
the roots and shoots of plants. The calculation of bioconcentration fac-
tor, and percentage of removal, including graphs, was done using
Microsoft Excel 10 (Microsoft Corporation, USA).
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3. Results and discussion
3.1, Synthetic musks bioremediation in soil

3.1.1. Natural attenuation of sludge-amended soil

Screening the treated soil for 11 major SMCs showed only Galaxolide
(HHCB) and Tonalide (AHTN) (Table S1) detection at any stage of the
experiment as other screened musks were below the detection limit
(0.4-2.0 pg/kg dw). The After 120 days other musks except for HHCB
and AHTN in sludge-amended soil was expected, as very low contents of
other musks were found in the initial sludge. This is consistent with
previous studies that more than 90% of musks present in sludge were the
sum of HHCB and AHTN. Only a portion of fresh sewage sludge was
added into the experimental soil (5% w/w); due to this, musks of low
content in the experimental sludge were not detected in sludge-amended
soil because of the dilution effect. Therefore, this study focused on the
behaviour of HHCB and AHTN in biosolid amended soil in the presence
of fungi, which was compared to the amended plant-soil system. When
sludge was applied to the soil without plants and fungal substrate (SS
treatment), which represented the natural attenuation of amended soil,
the AHTN content dropped only 8.8% from the initial concentration,
with a concentration of 22 pg/kg dw at the end of the bioremediation
experiment (Table 1). After 120 days of the experiment, the removal of
HHCB in the naturally attenuated soil was similar to the decrease of
AHTN (Table 1). No statistically significant differences (P < 0.05) from
the respective initial concentrations (Figs. 1 and 2) were observed in that
non-planted sludge-amended soil without fungal substrate. Bohmer
(2007) observed that after 259 days of their experiment, AHTN and
HHCB showed slow degradation, with 75 and 50% of the content
remaining in the biosolid-amended soils, respectively. A similar study
estimated that HHCB and AHTN can persist in sludge-amended soil, as
the degradation half-lives degradation ranged from 1 to 1.5 and 2-24
years, respectively. The lower dissipation of musk compounds registered
in biosolid-amended soil (SS treatment) could be due to their
physico-chemical properties, since HHCB and AHTN have a strongly
lipophilic character and low water solubility, makes them difficult to
easily degrade or leach (Table 51). However, the slow removal of musks
from sludge-amended soil (SS treatment) in the current study could be

Table 1

The removal percentage of Galaxolide (HHCB) and Tonalide (AHTN) at each
treatment after 120 days of experiment and their residual content in the soil
(means = SD; n = 4).

Treatment  Galaxolide (HHCB) Tonalide (AHTN)
Removal Residual (ig/kg  Removal (%)  Residual (pg/kg
(%) dw) dw)

58 85+10¢ 66.5 + 18.8 abe 88145e 22.3 £ 2.9 abe

M-PL 58.9+5.2a 42.6 +53a 49.7 +11.6a 15.6+14a

M-PH 21.6 + 15.5 54.6 + 3.7 ab 29.2 +23d 18.1 + 0.7 ab
be

M-IR 21.1+17.0 57.7 £ 16 ab 239+ 27cd 16.6 + 2.2 ab
be

PSS 46.3 £ 0.5 56.2 + 3.1 ab 44.8 + 6.3 ab 153+ 1.5a
ab

PM- PL 44.7 + 6.3 30.8+9.2a 37.8 +10.3 19.0 + 5.6 ab
ab abe

PM- PH 23.9 + 16.1 65.9 + 12 abe 345+ 92 17.4 £ 3.1ab
be bed

PM- IR 15.1 £ 10.9 65.9 + 17 abe 27.1 +43cd 20.5 £ 4.8 abe
be

Different letters within the same column indicate significant differences (P <
0.05) among each treatment as determined by Tukey’s test. Abbreviations: §5 —
sewage sludge amended soil (control), M-PL — mycoremediation with Pleurotus
ostreatus, M — PH — mycoremediation with Phanerochaete chrysosporium, M-IR —
mycoremediation with Irpex lacteus, PSS — planted sewage sludge amended soil,
PM-PL — plant assisted mycoremediation Pleurotus ostreatus, PM-PH - plant
assisted mycoremediation with Phanerochaete chrysosporium, PM-IR — plant
assisted mycoremediation with Irpex lacteus.
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Fig. 1. Concentration of Galaxolide (HHCB) in the soil at each treatment during
initial (0 days) and at the end of bioremediation (120 days).
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Fig. 2. Concentration of Tonalide (AHTN) in the soil at each treatment during
initial (0 days) and at the end of bioremediation (120 days).

because of the weak volatilisation ability, or weak activity of indigenous
soil microorganisms might contribute, as was suggested by Rodarte--
Morales et al. (2011). DiFrancesco et al. (2004) observed a slow
degradation rate of HHCB and AHTN that remained in soils amended
with sludge for 3 months and reported the dissipation of both com-
pounds as ranging from 39 to 58% at 6 months from the application.
After 12 months of sludge soil application, AHTN was still present. Yang
and Metcalfe (2006) reported that after sewage sludge amendment in an
agricultural field, the concentrations of both compounds decreased over
time, and only HHCB was detected after 6 months. The investigation of
enzymatic activity (Table 2) reveals that lipase activity was decreased at
the end of the study in biosolid-amended soil (SS treatment) from its
respective initial value. The decrease was related to no fungal inocula-
tion in this treatment, in which lipase activity will be decreased due to
less organic matter that degrades over time (Wang et al., 2009). Balaji
et al. (2014) as well as Ogbolosingha et al. (2015) found that the activity
of lipase declined as the bioavailability of contaminants reduced at the
end of their experiments. Qiao et al. (2014) also found a decrease in
lipase activity in their natural attenuation treatments, with a low per-
centage of up to 6% of degradation of organic pollutants, like in this
study. The fungal biomass content for SS treatment (Table 3) was not
significantly different (P < 0.05) to its respective initial value, which
means that indigenous soil fungi were not increased during the natural
attenuation of biosolid-amended soil.
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Table 2
Enzymatic activities in the biosolid amended soils at initial (0 days) and final
(120 days) of the bioremediation experiment.

Treatment  Lipase Laccase Mn-peroxidase
0 days 120 0 days 120 0 days 120
(U/g days (mU/g days (mU/g days
dw) (Usg dw) (mU/g dw) (mU/g
dw) dw) dw)
Ss 953 + 864 + ND 0.4 + 0.9 = 0.5 +
0.3 ABa 0.4 Ab 0.1 ABC 0.7 Aa 0.2 Aa
M-PL 1724 + 1998 0.7 £ 0.3+ 0.4 = 0.3 +
0.6 ABa +1 0.1 0.1 0.3 Aa 0.2 Aa
ABa ABCb ABCa
M-PH 1354 + 1554 13+ 0.5 + 0.7 0.5 +
0.1ABa +04 0.9 Ca 0.3 0.3 Aa 0.1 Aa
ABa ABCa
M-IR 1677 + 1958 1.3+ 0.5 + 0.6 = 0.5 +
0.2 ABa + 0.6 0.5Cb 0.3 0.2 Aa 0.2 Aa
Ba ABCa
PSS 815 + 1209 ND 0.3 + 0.7 = 0.4 +
0.3 Aa + 0.9 0.4 ABC 0.5 Aa 0.3 Aa
ABa
PM- PL 1461 £ 1659 i B 0.5+ 1.0 = 0.5 +
0.3 ABa +0.2 0.8 BCa 0.5 0.8 Aa 0.3 Aa
ABa ABCa
PM- PH 1681 + 1843 0.4 + 0.1+ 0.4 & 0.1 +
0.5 ABa +0.7 0.4 0.1 ABa 0.7 Aa 0.2 Aa
ABa ABCa
PM- IR 1998 + 2170 0.7 + 0.3 &+ 0.7 = 0.3 +
0.1ABa +0.6 0.3 0.1 0.5 Aa 0.3 Aa
Ba ABCa ABCa

Means + standard deviations calculated from four replications of respective
treatments. ND = not detected. Different uppercase letters within the same
column indicate significant differences (P < 0.05) among each treatment as
determined by Tukey’s test. Different lowercase letters within the same row
indicate that significant differences (P < 0.05) between 0 and 120th days of
experiment as determined by Tukey's test. Abbreviations: SS — sewage sludge
amended soil (control), M-PL — mycoremediation with Pleurotus ostreatus, M —
PH - mycoremediation with Phanerochaete chrysosporium, M-IR - mycor-
emediation with Irpex lacteus, PSS - planted sewage sludge amended soil, PM-PL
— plant assisted mycoremediation Pleurotus ostreatus, PM-PH — plant assisted
mycoremediation with Phanerochaete chrysosporium, PM-IR - plant assisted
mycoremediation with Irpex lacteus.

Table 3
Ergosterol concentration in the biosolid amended soils at initial (0 days) and
final (120 days) of the bioremediation experiment.

Treatment 0 days 120 days

mg/kg dw mg/kg dw
SS 6 + 0.8 Ba 9.6 + 0.8 Ba
M-PL 12.7 + 2.5 Aa 15.2 + 2.7 ABCa
M-PH 13 £ 2.3 Aa 15.5 + 2.1 ABCa
M-IR 145+ 1.8 Aa 17.3 + 1.9 ACb
PSS 6.4 + 0.9 Ba 10.5 + 2.4 BCb
PM- PL 13.1 £ 1.0 Aa 18.7 + 1.9 Ab
PM- PH 13.8 + 3.6 Aa 19.7 + 5.2 Aa
PM- IR 15.3 £ 3.1 Aa 21.7 + 4.3 Aa

Means + standard deviations calculated from four replications of individual
treatments. Different uppercase letters within the same column indicate signif-
icant differences (P < 0.05) among each treatment as determined by Tukey's
test. Different lowercase letters within the same row indicate that significant
differences (P < 0.05) between 0 and 120th days of experiment as determined by
Tukey's test. Abbreviations: SS — sewage sludge amended soil (control), M-PL -
mycoremediation with Pleurotus ostreatus, M — PH — mycoremediation with
Phanerochaete chrysosporium, M-IR — mycoremediation with Irpex lacteus, PSS —
planted sewage sludge amended soil, PM-PL — plant assisted mycoremediation
Pleurotus ostreatus, PM-PH — plant assisted mycoremediation with Phanerochaete
chrysosporium, PM-IR — plant assisted mycoremediation with Irpex lacteus.
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3.1.2. Mycoremediation of sludge-amended soil

During the mycoremediation-only treatment, the removal of HHCB
showed the highest removal percentage, with 58.9% on average
(Table 1) when P, ostreatus grown on substrates was added to the soil
compared to control and other mycoremediation treatments. That
treatment showed a significant decrease (P < 0.05) in HHCB concen-
tration from its initial value as well (Fig. 1). In the time frame of the
experiment, in M PH and M-IR treatments, the HHCB content
decreased similarly, by 21.6% in both treatments. The removal of AHTN
in M-PL (Table 1) was significantly (P < 0.05) higher compared to other
M and SS treatments, with a removal percentage of 49.7% after 120 days
and a remaining concentration of 15.6 pg/kg dw. Pleurotus ostreatus
showed better removal capacity compared with the other fungal strains,
similar to the soil contaminated with different congeners of poly-
chlorinated biphenyls (Kubatova et al., 2001; Stella et al, 2017).
Rodarte-Morales et al. (2011) studied the degradation of AHTN and
HHCB by using P. chrysosporium and other ligninolytic fungi, while both
contaminants were removed effectively and were not detected at the end
of the experiment. Balk and Ford (1999a) studied the degradation of
selected musks in pure cultures of the ligninolytic fungus
P. chrysosporium, where HHCB and AHTN were removed after 72 and
144 h, respectively. Another study by Stella et al. (2017) on P. ostreatus
and I lacteus fungal strains showed, after 12 weeks, similar trends to the
current study for the dissipation of other organic contaminants, such as
PCBs, in the soil, with removal percentages of 41.3 and 39.4%, respec-
tively. In the current study, lipase activity in M-PL and M — PH treat-
ments (Table 2) was higher than in the control (SS) treatment after 120
days, which led to greater degradation of the target musks in mycor-
emediation treatments. The Lac and MnP activities were not signifi-
cantly different (P < 0.05) during the time frame of the experiment in M
treatments, as shown in Table 2, Lac was involved in the degradation of
SMCs in the current study through its oxidation mechanisms of the Lac
mediator system, which is effective in selecting the appropriate redox
mediator to obtain efficient degradation (oxidation) of compounds with
a high redox potential, such as our target compounds HHCB and AHTN
(Madhavi and Lele, 2009). However, the fungal biomass was increased
significantly (P < 0.05) from the respective initial values after 120 days
of the experiment in M treatments (Table 3), This leads to the suggestion
that the present fungi were able to grow in soil in the current experi-
ment, but without the ability for higher production of the tested lig-
ninolytic enzymes in the time frame of the experiment.

3.1.3. Phytoremediation of sludge-amended soil

The concentration of HHCB decreased significantly (P < 0.05) in the
sludge-amended soil phytoremediation (PSS) treatment, by 46.3%
compared to its respective initial value (Table 1), with a final residual
concentration of 56.2 pg/kg dw in soil. For AHTN, in the PSS treatment,
44.8% was removed and the final concentration was decreased signifi-
cantly (P < 0.05) from the initial value to 15.3 pg/kg dw after 120 days
of the experiment. Rivier et al. (2019) found that the presence of roots
led to no additional decrease in soil concentration compared to
non-vegetated treatments. The greater removal of HHCB and AHTN in
our study could be caused by the presence of maize able to stimulate the
indigenous microbial biomass and/or enzymatic activity in the rhizo-
sphere, as suggested by Segura and Ramos (2013). This could be sup-
ported by the higher lipase activity obtained at the end of the
experiment, as shown in Table 2.

Bohmer (2007) studied the phytoremediation of HHCB and AHTN
using lettuce; musks were decreased by 65 and 46%, respectively, after
12 weeks of the experiment. However, in the same study, carrot roots
showed less degradation of HHCB and AHTN, with removal percentages
of 30 and 33%, respectively, after 14 weeks of the experiment. Ramos
et al. (2021) found higher HHCB and AHTN degradation efficiency
compared to the current study on biosolid-amended soils using to-
matoes, resulting in 83 and 76% degradation, respectively, at the end of
their experiment. Rivier et al. (2019) observed no plant enhancement in
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the degradation of HHCB; however, our study showed a significant plant
enhancement nearly by 38% in the removal of HHCB in phytor-
emediation treatments using maize in comparison to non-planted
treatment. Kosnar et al. (2019) found higher fungal biomass and
lipase activity during a phytoremediation experiment with maize which
could be stimulated by root exudates, resulting in increased removal of
total PAHs. The lipase activity and the fungal biomass in the PSS
treatment of the current study were increased significantly (P < 0.05)
after 120 days of the experiment (Tables 3 and 4), This points to the
suggestion that maize can promote the activity of the autochthonous
microbiome in soil by its root exudates which probably could be
involved in the phytoremediation of the target musks.

3.1.4. Plant-assisted ntycoremediation of sludge-amended soil

Greater dissipation of the target polycyclic musk fragrances in plant-
assisted mycoremediation (PM treatments, Table 1) was found in the
treatment with P. ostreatus (PM-PL), when compared to its initial con-
tent, in the case of HHCB with the removal of 44.7%. In that treatment,
the significant removal (P < 0.05) of HHCB concentration was observed
in comparison to the other plant-assisted mycoremediation treatments
with P. chrysosporium and I lacteus (Table 1), Cvancarova et al. (2012)
reported that P. ostreatus combined with alfalfa is effective in the
degradation of phenanthrene, with a removal efficiency of 85%. More-
over, after 120 days of the experiment in the present study, the content
of HHCB was found to be 65.9 and 65.8 pg/kg dw in PM-PH and PM-IR
treatments, respectively. That decrease of musks in soil was not statis-
tically significant (P < 0.05) compared to their respective values at the
beginning of the experiment (Fig. 1) and approximately 15-24% of both
musks were removed (Table 1). In terms of AHTN removal rate
(Table 1), the PM treatments followed the same trend of dissipation as
for HHCB. However, 34.5% of AHTN was removed by plant-assisted
mycoremediation with P. chrysesporium (PM-PH), which resulted in
the concentration in soil being significantly (P < 0.05) lower after 120
days of the experiment than its respective initial value (Fig. 2). In the
case of AHTN, the plant-assisted mycoremediation by P. chrysosporium
improved the removal efficiency of AHTN compared to the
mycoremediation-only treatment, and significantly more AHTN was
removed than by natural attenuation in sludge-amended soil. We
observed an increased ergosterol content and enzymatic activity of
lipase in soil in PM treatments at the end of the experiment (Tables 3 and
4). The lipase enzymatic activity in the PM-IR treatment was also
conclusively higher (P < 0.05) compared to other PM treatments after
120 days, but the degradation of SMCs was not satisfactory. Moreover,
the activity of Lac and MnP enzymes in PM treatments found, in the
range from 0.1 to 0.5 mU/g dw (Table 2), was not statistically different
to that in the other studied treatments. Asif et al. (2017) studied the

Table 4

Contents and bioconcentration factor (BCF) of Galaxolide (HHCB) and Tonalide
(AHTN) in the roots and shoots of maize after 120 days of bioremediation
experiment. Means <+ standard deviations represented four replicate
measurements.

Treatments Galaxolide (HHCB) Tonalide (AHTN)

Shoots (pg/ BCF Roots (pg/ BCF Roots (ug/ BCF

kg dw) kg dw) kg dw)
Pss 3.4+23a 0.06 81+57a 015 38x22a 0.25
PM- PL 2.1+ 2.4ab 0.06 09+ 48a 0.24 1.3+17b 0.08
PM- PH 0.7 +1.4b 0.02 3.4+40b 0.06 1.6+19b 0.09
PM- IR ND = 1.8+32b 002 09+18b 0.05

Abbreviations: PSS — planted sewage sludge amended soil, PM-PL — plant
assisted mycoremediation Pleurotus ostreatus, PM-PH — plant assisted mycor-
emediation with Phanerochaete chrysosporium, PM-IR - plant assisted mycor-
emediation with Irpex lacteus.

? ND = not detected.

b Not estimated. Different letters within the same column indicate significant
differences (P < 0.05) among each treatment as determined by Tukey’s test.
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performance of ligninolytic fungi and their particular enzymes in the
degradation of pharmaceuticals and personal care products (PPCPs)
under different operating conditions, finding that P. chrysosporium with
its Lip and MnP enzymatic system showed removal efficiency higher
than 25%. This trend is in agreement with the current study, but
P. ostreatus investigated by Asif et al. (2017) showed much higher
removal efficiency, in the case of selected PPCPs, up to 98%. Never-
theless, in our study, P. ostreatus was the most effective fungal strain in
the bioremediation of SMCs. This is consistent with the results of Wang
et al. (2009) and Magan et al. (2010) who found higher Lac and MnP
activity for P. ostreatus due to a better colonising ability of the fungus in
the soil which helps to degrade contaminants. Hestbjerg et al. (2003)
also reported that P. ostreatus is more effective than other studied fungal
strains, probably due to less competition with native soil organisms and
lower sensitivity to temperature requirements for growth and enzyme
production. Unfortunately, the increased ergosterol content and enzy-
matic activity of lipase in the soil in the current experiment did not lead
to an improved rate of removal of the tested musk compounds from the
soil, as was expected when combining the mycoremediation and phy-
toremediation treatments in the time frame of the experiment. We can
speculate that greater dissipation could occur with a prolonged duration
of the experiment; therefore, further investigation for a longer period is
needed.

3.2, Uptake of musks by maize, bioconcentration factor and
environmental risk assessment

The studied HHCB was found in both root and shoot samples of
maize, with a higher concentration of HHCB found in the roots (P <
0.05) except for the PM-IR treatment (Table 4), AHTN was detected only
in maize roots, at a lower concentration, and was not found in the
shoots. Fernandes et al. (2022) reported similar results, finding only
HHCB in the above-ground biomass and both compounds in a higher
concentration in the roots. This might be because AHTN has a higher log
Kow value than HHCB (Table 51), which could make it more lipophilic
and more easily sorbed on soil organic matter. The concentration of
HHCB found in the maize roots was higher (P < 0.05) in PSS and PM-PL
(8.1 and 9.9 pg/kg dw, respectively) compared to other treatments. The
relatively high log Ko of HHCB and AHTN might limit transport from
roots to shoots. We also found correspondingly higher removal of HHCB
from the soil in both PSS and PM-PL treatments (Table 1), which might
be related to root uptake or its combined effect with white rot fungi in
microbial-assisted phytoremediation. Previous studies have reported
that AHTN is more resistant to degradation by white rot fungus enzymes
(Balk and Ford, 1999b; Chen et al., 2009; Vallecillos et al., 2017). The
uptake of HHCB by roots in other treatments (PM-PH and PM-IR) was
not higher than 3.4 ug/kg dw (Table 4). In the PSS treatment, the con-
centration of HHCB in the maize shoots and roots was higher than for
other treatments. HHCB concentration in shoots of maize was lower (P
< 0.05) than in roots compared to their respective treatments, with the
concentration lower than 3.4 pg/kg dw (Table 4).

AHTN was taken up by maize roots with a concentration of 3.8 pg/kg
dw in the PSS treatment, which was significantly higher (P < 0.05)
compared to other treatments and related to a lower soil concentration
after 120 days of the experiment, Surprisingly, concentrations of AHTN
in maize roots of plant-assisted treatments (PM-PL, PM-PH and PM-IR)
were similar and ranged from 0.9 to 1.6 pg/kg dw, respectively. We
hypothesize, that due to the dissipation of the bioavailable contaminants
by white rot fungi in the phytomycoremediation (PM) treatments, there
could be less uptake of target musk by the maize plants compared to the
PSS treatment. Bohmer (2007) showed the accumulation of HHCB and
AHTN in roots and shoots at higher concentrations compared to the
current study. They observed that lettuce (leaves) grown on soil spiked
with 30 mg/kg dw of each musks accumulated 78-110 and 209-275
pg/kg dw, respectively. Another study reported that HHCB and AHTN
were determined in higher contents in barley (0.81 and 6.9 mg/kg dw,
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respectively), meadow fescue roots (1.77 and 12.66 mg/kg dw,
respectively) and carrots (0.86 and 2.45 mg/kg dw, respectively)
(Macherius et al., 2012). In another study by Rivier et al. (2019) HHCB
and AHTN were detected in a grain of barley grown in soil amended with
60 t/ha sewage sludge. The concentrations of HHCB and AHTN were
found to be in the range from <LOQ to 0.5 and <LOQ to 0.9 pg/kg dw,
respectively. Ramos et al. (2020) detected in different varieties of to-
matoes in the range of 1-53 pg/kg dw. Ribeiro et al. (2017) tested the
coastline plant species on their ability to accumulate 11 synthetic musk
compounds. Their results showed that SMCs were detected in the range
from 1.56 to 350 pg/kg dw.

The bioconcentration factor (BCF) was calculated based on the
concentration ratio of contaminant in the plant biomass to soil con-
centrations in the harvest period (Cplan: pg/kg dw/Csoil pg/kg dw)
(Bohmer, 2007; Macherius et al., 2012)., The BCF of HHCB was com-
parable to that of AHTN in the maize roots and ranged from 0.02 to 0.24
in the PM-PL and PM-IP treatments, as shown in Table 4. A considerable
value of BCF for AHTN of 0.25 was also found in the PSS treatment, but
in other treatments, it was lower than 0.09. Macherius et al. (2012)
found considerably higher BCF values than in the current study in barley
roots for both HHCB and AHTN, with values of 0.83 and 1.49, respec-
tively, Bohmer (2007) reported BCF values comparable to those in the
current study, ranging from 0.095 to 0.48 (HHCB) and 0.082 to 0.37
(AHTN) in carrot roots grown on biosolid-amended soils with 30 mg/kg
dw background contamination of each musk. Chen et al. (2015)
observed very low transferable capabilities of synthetic musks by root
uptake in aloe, where the BCFs in aloe leaf ranged from 0.12 to 0.27,
which were more than 100 times lower than in fish muscle. Based on the
study of Hijosa-Valsero et al, (2016) HHCB and AHTN are taken up by
plants and further incorporated into the cell wall of plant where can
follow their aerobic biodegradation. Nevertheless, further studies are
needed to suggest degradation products of plant metabolism of tested
musk compounds.

To evaluate the possible environmental risk, the hazard quotient
(HQ) was calculated. Based on European guidelines (European Com-
mission, 2003), the HQ was estimated as HQ = MEC/PNEC;,;;, where
MEC is the environmental concentration and PNEC; stands for the
predicted no-effect concentration in the soil. If HQ > 1, it is considered
that the concentration could be harmful to the living organisms in soil
(Sanchez-Bayo et al.,, 2002). The value of HQ should be less than 1 to say
there is no risk to the soil environment. There have been toxicity test
studies to estimate the environmental risks of HHCB and AHTN on soil
microorganisms (Balk and Ford, 1999b; Federle et al., 2014). Wang et al.
(2013b) determined PNEC,, derived from the solid-solution equilib-
rium by including soil ingestion of the organisms, with values of HHCB
(0.38 mg/kg dw) and AHTN (0.17 mg/kg dw). We used the maximum
concentrations in soil for both compounds found at the beginning and
end of the bioremediation experiment to calculate the HQ; the results
were 0.26 and 0.17 for HHCB and 0.18 and 0.13 for AHTN, respectively.
Therefore, the investigated musks namely Galaxolide and Tonalide in
soil amended by sewage sludge do not present a risk to the environment
since their HQ is far below 1.

4. Conclusion

Work was performed to study the bioremediation of SMCs (HHCB
and AHTN) in biosolid-amended soil by white rot (lignolytic) fungi,
namely P. ostreatus, I lacteus and P. chrysosporium, combined with
phytoremediation and without phytoremediation. P. ostreatus can be
seen as the most effective fungal strain based on the removal of both
tested musks compared to other mycoremediation treatments. Similar
proportions of Galaxolide were removed in mycoremediation using only
P. ostreatus and phytoremediation using maize (Z. mays): 58.9 and
46.3%, respectively. When P. ostreatus was used for mycoremediation as
well in phyto-mycoremediation treatments, significantly higher removal
of Galaxolide (P < 0.05) occurred than in the control treatment
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represented by natural attenuation of sludge-amended soil. Tonalide
was prone to be removed similarly to Galaxolide in the studied biore-
mediation approaches. Moreover, when P. chrysosporium was used in the
plant-assisted mycoremediation it improved the removal of Tonalide by
34.5% which was significantly higher than for natural attenuation. This
result could be caused by the increased enzymatic activity of lipase
when P. chrysosporium substrate was used in plant-assisted mycor-
emediation after 120 days of the experiment. Galaxolide and Tonalide
were found in maize roots, and only Galaxolide was observed in shoots.
The calculated BCFs of both musks were very low. The residual con-
centration of tested fragrances remaining at the end of the experiment
was not found to pose any environmental risk, as the estimated HQ
values were significantly lower than 1.

Credit author statement

Abraham Demelash Chane: Investigation, Formal analysis,
Conceptualization, Writing — original draft. Zdenék Kosnar: Methodol-
ogy, Validation, Writing - review & editing. Tereza Hiebeckova:
Formal analysis. Lucie Wiesnerova: Formal analysis. Miroslav Jozifek:
Methodology. Petr Dolezal: Formal analysis. Lukas Praus: Formal
analysis. Pavel Tlustos: Writing — review & editing, Supervision, Re-
sources, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgment

This work was financial supported by Czech Ministry of Agriculture
(QK1710379 and QK1910235) and by the European Regional Devel-
opment Fund (project NUTRISK no. CZ.02.1.01/0.0/0.0/16_019/
0000845).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2023.138605.

Different letters indicate significant differences (P < 0.05) among
each treatment as determined by Tukey’'s test. Abbreviations: SS —
sewage sludge amended soil (control), M-PL — mycoremediation with
Pleurotus ostreatus, M — PH - mycoremediation with Phanerochaete
chrysosporium, M-IR — mycoremediation with Irpex lacteus, PSS — planted
sewage sludge amended soil, PM-PL — plant assisted mycoremediation
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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 PAHSs. 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 /cmto 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% t0 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) PAHSs. 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; I'YP, 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 (LU 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 CO: 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 (PAHSs), 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; Mufioz et al., 2018; L 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 PAHSs 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 (Jacg.) 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 I/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 (1328xg)
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 Ko$nar
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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 pg/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

79



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* to final compost values ranging from 4.04 to 4.62 mS
cm L. EC serves as an indicator of the salinity level in the composting mixture, which may affect
plant growth adversely upon application to soil (Sanchez-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™* 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™.

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) PAHSs, 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 PAHSs 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 PAHSs, 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 PAHSs 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 PAHSs, 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
PAHSs, PYR emerged as the most resilient, persisting as the primary residual PAH in the composted
sludge. Its final concentration ranged from 1167 to 1750 pg/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 pg/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 1. 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 PAHSs at the end of composting ranged from 2328
to 3302 pg/kg dw (Table 2). Furthermore, at the end of the study, the concentration of PAHSs 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 PAHSs 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 pg/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 PAHSs at the end of the study was significantly higher during

P. chrysosporium (SS-PH) treatment compared to other treatments with 70% of degradation (Fig.
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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 pg/kg and 579.7 to 515.5 pg/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

pg/kg for galaxolide and from 430.5 to 459.5 pg/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 PAHSs 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
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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
PAHSs 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 PAHSs exhibiting higher degradation rates
compared to MMW and HMW PAHSs. Notably, BaP and DBA were completely removed in all
treatments, consistent with previous findings indicating the efficacy of composting in eliminating
higher molecular weight PAHSs. 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 PAHSs, 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), 1. 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 Substrate  P.ostreatus = P.chrysosporiu B. adusta Irpex lacteus = T.versicolor
(S) (SS) (SS-PL) m (SS-PH) (SS-BYJ) (SS-IR) (SS-IR)
C/N TO 12.8+1.2 14.1+0.2 13.7x0.4A 13.7+2.1A 13.9+1A 13.9+1.5A 13.5+£.05A
A A
T3 12.3t1A 12.7+05 12.8+£1.1A 12.9+0.5A 12.9+0.9A 12.8+2A 12.9+1.2A
A
pH TO 6.85+t0A 6.84+0.02 6.78+0.01 6.79+0.07A 6.81+0.04A 6.77£0.05A 6.75+£0.07A
(CaCly) A A
T3 6.39+0.0 6.45+0.02 6.42+0.02 6.41+0.02A 6.49+0.01A 6.42+0.03A 6.47+£0.04A
1A A A
EC TO 3029.3+ 2774.3£3 2874.3x47 2929.3+90A 2886.8+245 2951.8+23A 2456.8+234A
T3 44284+ 4248.3+4 4445.8+32 4040.9£920A 4488.3+19A 4518.5+229 4620.8+100A
42A 66A 6A A

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. 3. Residual content of PAHs after 9o 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 PAHSs (medium molecular weight PAHs) = sum of phenanthrene,
anthracene, fluoranthene, and pyrene; HMW PAHSs (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 PAHSs (total sum PAHSs) = sum of LMW, MMW, and HMW
PAHS.
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Table 2. Residual content of PAHSs at the end of composting.

Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Anthracene
Phenanthrene
Fluoranthene
Pyrene

Benzo[a]anthracene
Chrysene
Benzo[b]fluoranthene

Benzo[k]fluoranthene
Benzo[a]pyrene
Dibenz[a,h]anthracene
Indeno[1,2,3-
cd]pyrene
Benzo[g,h,i]perylene

Sludge
29.3+4.1 A
0.9+6 A
2.6+0.4 A
3.8+03 A
255+44 A
2606 A
171+0.4 A
1739.1+145A

48.1+5A
704+ A
165.2+13 A

165.2+2 A
ND
ND
ND

649.3+9 A

Substrate
29.9+7 A
0.5+0.1 A
1.8+0.2 A
2.8+0.1A
260.1 50 A
3.4 +£0.1A
134.8+10AB
1538.8+85A

49.9+1 A
66.83 + A
167.4+3 A

167.5+11 A
ND
ND
ND

624.4+17 A

Pleurotus
31.6+16 A
0.7+0.2 A
2.1+0.2 A
3.6+x1.3A
234+139 A
2.95+ 1A
137.4+41 AB
1516.9+223A

49.1+20A
7181+ A
157.3+22 A

157.3+31 A
ND
ND
ND

612.3+85 A

Phaneroachaete

27.93+20A
0.67+0.4 A
12+11A
3.22+0.7 A
228+151 A
3.3+05A
116.1 +69B

1167.37 +644 A

29.1 +17 AB
5537+ A
108.8 £31 A

108.8 62 A
ND
ND
ND

477.9 +263 A

Bjerkandera
35.2+8.3B
0.82+0.1 A
23104 A
37709 A
250 +26 A
32+1A
129.4+14 AB

1466.4 147
A

10.53+2B
3.75+B
173.7+05 A

173.8 +11 A
ND
ND
ND

456.3 +38 A

Irpex
33.3+14 AB
0.9+0.2 A
2303 A
41+03D
245+ 50A
4.8 £2A
160.1+57 A
1750.1+128A

10.6+2B
498+B
198.8 +2 A

198.8 +67 A
ND
ND
ND

408.8+54A

Trametes
36.8£13 B
0.8£0.3 A
22105A
3.8+03C
225 £47 A
46 £0.7A
125 + 29 AE
1586.£137 A

11.7+12B
420+B
180.1 +0.4 A

180.2 +46 A
ND
ND
ND

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.
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The data represent means (xSD) 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 (pg/kg) at 0, 30, 60 and 90 days

Galaxolide Tonalide
Treatments | O 30 60 90 0 30 60 90
Sludge 7502.4+3 | 6741.6+ | 7448.2+ | 6506.1+4 | 722.4+ | 574.8+ | 675.5+ | 579.8+
40 A 737 AB | 560 A 4B 128B |78 A 09AB | 27A
Substrate 68023+12 | 6198.9+ | 6840.5+ | 5753.9+5 | 663.5+ | 574.6+ | 724.1+ | 517.1+
6 AB 109 A 200 B 4C 40C 26B 24D 6 A
Pleurotus | 6585.243 | 6194.9+ | 5723.2+ | 5742.1+ 632.6+ | 587.5+ | 586.7+ | 515.5¢
24 A 527 A 420A 494 A 32A 66 A 299 A |54A
Phaneroac | 6747.446 | 5879.5+ | 4567.9+ | 4515.9+2 | 655.6+ | 552.3+ | 364.8+ | 430.4+
haete 34 A 732 A 181 B 44 B 60 A 42 AB | 122 A | 245 AB
Bjerkander | 7150.3+4 | 7035.5+ | 6116.5+ | 4808.5+ 693.6+ | 628.8+ | 611.1+ | 446.8+
a 65 A 390 A 646 AB | 607 B 31B 31AB |13A 47 C
Irpex 7232.9+ 6480.6+ | 6061.1+ | 4611.3+2 | 672.8+ | 613.9+ | 684.1+ | 459.5+
463 A 501 AB |374B 74 C 123 A |65AB |65A 79B
Trametes 7487.6% 6348.4+ | 6048.4+ | 4695.1+ 710.4+ | 620.9+ | 628.6+ | 448.1+
514 A 377 A 330B 486 C 71 A 48 A 7A 59B

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 (PAHSs) 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 ug/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 PAH:S.
All 16 PAHs were detected in the analyzed samples, with concentrations ranging from 2.10 ug/kg dw
of acenaphthene to 3077 ng/kg dw of benzo[a]anthracene. The average content of the carcinogenic
benzo[a]pyrene was 190 pg/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 ug/kg dw. In the current
study, the average total amount of the 11 OCPs was 76.1 pg/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 PAHSs 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 PAHSs, 2-3-ring PAHSs 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 PAHSs, 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 PAHSs 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 PAHSs, achieving average reductions of
60 % and 57 %, respectively. In the case of plant-assisted mycoremediation (PMR) treatments, the
concentration of total PAHSs 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.
Béhmer. (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 PAHSs 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 PAHSs showing the highest degradation rates form 87.2 % to 90.1 %. Comparatively, MMW and
HMW PAHSs exhibited lower degradation percentages ranging from 37.4 % to 61.6 % and 36 % to 53.2
%, respectively. Among MMW PAHSs, PYR emerged as the most resilient, persisting as the primary
residual PAH in the composted sludge. Its final concentration ranged from 1167 to 1750 pg/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 PAHSs (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 ug/kg and from 430.5 to 459.5 pg/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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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 PAHSs.

The concentration of most investigated PAHSs 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 PAHSs degraded more rapidly by P. chrysosporium, with showing the
highest degradation rate.

During phytoremediation of soil-sludge treatment, AHTN, HHCB, and total PAHSs 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 PAHSs showed the highest degradation rates during composting (87.2% to 90.1%), while
MMW and HMW PAHSs 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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