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1. Introduction 

Sludge management remains a significant challenge in wastewater treatment today, often 

surpassing liquid treatment costs (Hammer & Palmowski 2021). After treatment, inorganic 

pollutants like heavy metals and organic micropollutants (OMPs), including pharmaceuticals 

and personal care products (PPCPs), endocrine disrupting chemicals (EDCs) and pollutants 

like polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), can be 

discharged into the environment from wastewater treatment plants or removed through 

processes like sludge adsorption and microbial degradation (Hammer & Palmowski 2021). 

Semblante et al. (2015) reveal a staggering annual production of 45 million tons of sewage 

sludge dry matter from municipal wastewater treatment plants (MWWTPs) worldwide while 

noting a variable range of 18 to 33 million tons in dry weight for the average annual production 

in the EU, USA, and China. The global concern over OMPs stems from their potential as 

environmental contaminants (Ben et al. 2018), with various OMPs found in environmental 

matrices like surface water, sewage sludge, and soils (Bradley et al. 2017). PPCPs and EDCs 

are prevalent in the aquatic environment due to extensive research, primarily sourced from 

MWWTPs (Hammer & Palmowski 2021). The presence of PPCPs and EDCs in WWTPs has 

been extensively studied, providing valuable information about their environmental loads 

(Mazzeo et al. 2023). Of particular concern are PPCPs, which have become a major issue in the 

last decade due to potential threats to aquatic ecosystems and human health, encompassing 

antibiotics, hormones, and disinfectants, among others (Jiang et al. 2023). EDCs, a wide range 

of natural and xenobiotic compounds, are also problematic, and sewage sludge is a significant 

source of these substances as they are not fully removed during wastewater treatment (Nunes et 

al. 2021). Hu et al. (2021) further highlight the harmful biological activity of EDCs in OMP 

substances, even at very low concentrations. 

The substantial quantity of sewage sludge generated by MWWPTs poses environmental 

concerns due to its hazardous content, including organic compounds (PPCPs, EDCs), heavy 

metals (Cd, Cr, Pb, Co, Zn, Fe, Mn), and human pathogens (bacteria, fungi) (Buta et al. 2021). 

Although historically disposed of through incineration, landfilling, or ocean disposal; however, 

now a day agricultural applications of sewage sludge have become the most common method 

due to its economic advantages over other options (incineration, landfilling) (Meng et al. 

2021). Currently, the main methods for sewage sludge disposal in the European Union are 
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incineration (25%), reuse in agriculture where permitted by law (27%), landfilling (9%), 

composting (21%), and other methods (18%) (Ferrentino et al. 2023). Despite the potential for 

sewage sludge to replace fertilizer and enhance crop yield, its use is limited by the presence of 

toxic pollutants like PPCPs, EDCs, PCBs, and PAHs (Tasselli & Guzzella 2020). To address 

this, aerobic transformation processes such as composting and vermicomposting have been 

explored to stabilize contaminated sewage sludge (Rini et al. 2020; Lv et al. 2018). 

In the pursuit of sustainable waste management practices, researchers are conducting 

controlled experiments and data analyses to understand how different influence the emission of 

CO2 and CH4 during composting and vermicomposting (Meng et al. 2018). These greenhouse 

gases play crucial roles in the Earth's atmospheric balance, impacting climate change (Awasthi 

et al. 2018; Nigussie et al. 2016). By examining emissions under various scenarios, it is 

possible to provide valuable insights into the environmental implications of composting and 

vermicomposting sewage sludge with bulking agent (straw pellets) (Lv et al. 2018). The goal is 

to optimize waste management strategies, minimizing greenhouse gas emissions while 

effectively utilizing sewage sludge for agricultural purposes, contributing to overall 

sustainability and climate change mitigation (Lv et al. 2018).  

Moreover, enzymes play a vital role in breaking down complex organic compounds during 

composting and vermicomposting, promoting nutrient cycling and humus formation (Wang et 

al. 2021). Researchers are investigating how the conditions applied affects enzymatic activity, 

seeking to enhance waste degradation and nutrient cycling, and promoting environmentally 

friendly agricultural practices (Błońska et al. 2017; Uzarowicz et al. 2020). 

Additionally, the rising accumulation of potentially toxic elements (PTEs) in sewage 

sludge raises concerns for environmental and human health (Lv et al. 2016). Vermicomposting, 

involving earthworms and microorganisms under aerobic conditions, emerges as a promising 

solution to address PTEs. In this context, vermicomposting technology emerges as a promising 

and ecologically sound approach to tackle this issue. By employing earthworms as bio-

degraders, vermicomposting holds the potential to reduce the content of PTEs in sewage 

sludge; thereby mitigating their adverse impacts (Singh et al. 2020). 

Lastly, the carbon-to-nitrogen (C/N) ratio is a crucial factor in waste management, 

significantly influencing final product compost/vermicompost maturity and organic matter (Lv 

et al. 2018). By this reason, understanding and controlling the C/N ratio is vital for optimizing 
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composting processes and enhancing its effectiveness (Akratos et al. 2017). Researchers are 

exploring the best material combinations and co-substrate additions (straw pellet) to achieve 

desired C/N ratios, thereby improving waste transformation processes and nutrient availability 

for plants (Zhang et al. 2016; Akratos et al. 2017). 

This thesis primarily aims to assess organic micropollutant (OMPs) contents (including 

PPCPs and EDCs) during vermicomposting of sewage sludge mixed with varying proportions 

of straw pellets. Additionally, the study examines parameters such as carbon dioxide (CO2) and 

methane (CH4) emissions, changes in enzymatic activity, concentrations of potentially toxic 

elements (PTEs) like As, Cd, Cr, Cu, Pb, and Zn, as well as PTE content in earthworm tissues. 

Moreover, the research seeks to evaluate the feasibility and quality of end-products 

(compost/vermicompost) derived from sewage sludge under diverse C/N ratios. 

2. Literature review 

2.1. Organic pollutants and micro-pollutants in sewage sludge, soil and plants 

Global anthropogenic chemical production has increased from 1 to 400 million tonnes 

since World War II (Naidu et al. 2021). Several of these chemicals, particularly persistent 

organic pollutants (POPs), have harmful effects. Currently, increasing attention is being paid 

toward understanding the fates and effects of OMPs in the ecosystem (Gavrilescu et al. 2015). 

OMPs is an operational definition for a group of compounds, which are not covered by existing 

water quality regulations due to their lower concentrations (i.e., ng/L to μg/L) but are thought 

to be potential threats to environmental ecosystems (Farré et al. 2008). The group includes 

more than 20 classes, which are found in the European aquatic (Geissen et al. 2015). The 

prominent classes are pharmaceutically active compounds (PACs), personal care products 

(PCPs), endocrine-disrupting chemicals (EDCs), pesticides, industrial chemicals, disinfection 

by products (DBPs), perfluorinated compounds (PFCs), additives, preservatives, detergents, 

surfactants, flame retardants, plasticizers, and their transformation products. These OMPs are 

commonly removed via biodegradation and sorption on sewage sludge in a biological 

wastewater treatment system (Menon et al. 2020). These OMPs, which are characterized by 

strong sorption properties, tend to accumulate on soil particles, e.g., trimethoprim, 

indomethacin, propranolol, metoprolol, and carbamazepine (Barron et al. 2009). Moreover, the 

translocation of OMPs depends on several factors, such as physicochemical properties of 
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OMPs (acid dissociation constant (pKa), octanol-water partition coefficient (Kow), molecular 

size, etc.), properties of soil (soil pH, temperature, organic carbon content, etc.), and 

environmental conditions (temperature, relative humidity, photo-period, etc.) (Madikizela et al. 

2018; Martín et al. 2012).  

pKa is a measure of the strength of an acid in a solution. It represents the negative 

logarithm (base 10) of the acid dissociation constant (Ka) of a compound. The Ka is a measure 

of the extent to which an acid dissociates into its conjugate base and a hydrogen ion (H
+
). 

Mathematically, the relationship between pKa and Ka is as follows (Martín et al. 2012): 

                pKa = -log10(Ka)                                                                                        (1) 

In simpler terms, the pKa value quantifies how readily an acid donates a proton (H
+
) in a 

solution. Lower pKa values indicate a stronger acid, meaning it dissociates more readily and 

releases more H
+
 ions. Conversely, higher pKa values indicate weaker acids, which do not 

dissociate as readily in solution (Jensen et al. 2017).  Kow is a measure of the relative solubility 

of a chemical compound in octanol (a non-polar organic solvent) and water (a polar solvent). It 

quantifies the tendency of a compound to preferentially partition into either of these phases. 

The Kow value is defined as the concentration of a chemical in octanol divided by its 

concentration in water at equilibrium. Mathematically, the Kow value is expressed as (Golovko 

et al. 2020): 

          Kow = [Compound] in Octanol / [Compound] in Water                                   (2) 

The Kow value provides essential information about a chemical's hydrophobicity or 

lipophilicity. A higher Kow value indicates that the compound is more soluble in octanol, which 

means it is more hydrophobic and tends to accumulate in fatty tissues or non-polar 

environments. On the other hand, lower Kow values suggest that the compound is more soluble 

in water and is less likely to accumulate in fatty tissues. Both pKa and Kow are crucial in 

various fields, including medicinal chemistry, environmental science, and drug development. 

They help scientists understand how chemicals interact with biological systems, their 

distribution in different body compartments, and their potential environmental fate (Jensen et 

al. 2017; Golovko et al. 2016). 
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Sorption of OMPs to the soil, apart from the soil pH and organic carbon content, also 

depends on the mineral parts of the soil (Thiele-Bruhn 2003). Mechanisms that may affect the 

adsorption of micropollutants are ion exchange, hydrogen bonds, or the formation of 

complexes with Ca
2+

, Mg
2+

, Fe
3+

, or Al
3+

 ions (Díaz-Cruz et al. 2009; Xia et al. 2015). Some 

commonly detected organic compounds in sewage sludge are shown in Table 1. The 

translocation of OMPs can be referred to as the passage of OMPs from the roots to the areal 

parts of the plants, such as leaves, stems, fruits and rhizomes. Figure 1 shows plant uptake and 

translocation of PPCPs and EDCs from the environment to different aerial parts.   

Table 1. Commonly detected organic compounds in sewage sludge 

Name of Group Concentration (no. of compounds, no. of samples) Reference 

Polycyclic aromatic hydrocarbons 

(PAH) 

67-370 mg/kg dw (24 compounds, n =14); 19-219 

µg/L (13 compounds, n=5); 5.2-11.57 mg/kg dw 

(13 compounds, n=5) 

Barret et al. 2010 

Organophosphorus 

compounds(OPs) Phthalates 

0.620-6.90 mg/kg (12 compounds, n-17) DEHP- 

130 mg/kg dw, DBP-1094 mg/kg dw; 23.9-506.3 

mg/kg dw (5 compounds, n=3) 

Salaudeen et al. 2018 

Polychlorinated biphenyls (PCBs) 0-5100 mg/L (35 compounds, n=9); 0.11-0.44 

mg/kg dw (37 compounds, n=14) 

Stevens et al. 2003 

Polychloinated dibenzo-p-dioxins 

and-furans(PCDD/Fs) 

TEQ 0.73 and 7348.40 pg/g dw (compounds, 

n=14), 104.0-1661 pg/g dw (17 compounds, n=24) 

Balasubramani & Rifai 

2015 

Polybrominated diphenyl ethers 

(PBDEs) 

0.197-1.185 mg/kg (11 compounds, n=5), 0.071-

1.02 mg/kg (dw)  

Xia et al. 2015 

Polychlorinated alkanes 7-200 mg/kg (short chained) and 30-9700 mg/kg 

(medium chained) (4 compounds, n=14); 0.065-

0.157 mg/kg dw (29 compounds, n=8) 

 Gomez-Canela et al. 

2012 

Source: Dubey et al. 2021. TEQ- Toxic equivalency PCDD/F, dw= dry weight  
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Figure 1. Plant uptake and translocation of PPCPs from the environment to different aerial 

parts (Chuang et al. 2019) 

2.1.1. Endocrine disruptors      

Various chemicals are known to act as endocrine disrupting compounds, i.e., exogenous 

chemicals which disrupt normal endocrine activity (Tabb & Blumberg 2006) in wildlife (Vos 

et al. 2000) and potentially in humans. This phenomenon has attracted attention from both the 

public and scientific communities (Vidaeff & Sever 2005). Endocrine disrupting chemicals 

(EDCs) are either naturally produced, such as 17b-estradiol (E2) and estrone (E1) which enter 

the waste water treatment system from the excreta of livestock and humans, or are synthetic, 

such as 17a-ethynylestradiol (EE2), which is an ingredient of the human contraceptive pill. 

Some synthetic EDCs, e.g. bisphenol-A, which is widely used for the production of epoxy 

resins and polycarbonate plastics (Fuerhacker 2003), may be consumed by humans through 

leaching from polycarbonate plastic products used in the packaging of food and beverages 

(Timms et al. 2005). Equally, phthalates which serve as plasticizers are found in many 

commercial products (McDowell & Metcalfe 2001). These ubiquitous chemicals are known to 

be taken up by both animals and humans; for example, phthalates have been found in human 

breast milk and urine (Calafat et al. 2005). These EDCs may therefore enter the wastewater 

treatment plant, following the discharge of urine and faeces into waste water. Concentrations of 
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selected endocrine disruptors in sewage sludge are shown in Table 2. If they are not removed 

by the wastewater treatment process, their subsequent entry into freshwater systems may 

modify the normal endocrine activity of wildlife resulting in, for example, the feminisation 

effects reported in fish and demasculinization.   

Table 2: Selected endocrine disruptors in sewage sludge compounds in sewage sludge, China 

Sludge sample BPA (µg/g) 4-n-NP (µg/g) E2 (µg/g) EE2(µg/g) 

Anaerobic tank 0.65 0.51 0.16 2.12 

Anoxic tank 1.62 0.53 0.39 3.23 

Aerobic tank 0.30 0.05 0.02 0.51 

Returned activated sludge 0.72 0.45 0.05 0.80 

Source: Zhou et al. (2012), BPA= bisphenol A, 4-n-NP =4-n-nonylphenol, E2 =17b-estradiol, 

EE2 = 17aethinylestradiol  

2.1.2. Pharmaceutical and personal care products (PPCPs) 

Active pharmaceutical ingredients (APIs) may be released into the soil environment when 

contaminated sewage sludge, sewage effluent, or animal manure is applied to land (Monteiro & 

Boxall 2010). Veterinary pharmaceuticals may also be excreted directly to soils by pasture 

animals. Consequently, a range of APIs has been detected in agricultural soils, with reported 

concentrations ranging from 0.02 to 15 μg/kg dry soil (Vazquez-Roig et al. 2010). A number of 

studies have explored the uptake of APIs into aquatic invertebrates and fish (Meredith-

Williams et al. 2012). However, much less work has been done to assess the uptake of APIs 

into terrestrial organisms. The work that has been done has focused on the uptake of human 

and veterinary APIs into plants (Carter et al. 2014) with only a few studies looking at uptake 

into terrestrial invertebrates such as earthworms (Kinney et al. 2012). The limited data on 

uptake of APIs into earthworms originates from studies of the bioaccumulation of 

anthropogenic waste indicators (including the APIs trimethoprim, caffeine, carbamazepine, 

thiabendazole, and diphenhydramine) from agricultural soil amended with biosolids or swine 

manure (Kinney et al. 2008). Trimethoprim was the only API detected in the earthworms, at 

concentrations of 127 μg/kg dry weight in earthworms from a biosolid-amended field and 

61μg/kg dry weight in earthworms from the manure amended field (Kinney et al. 2008). Given 

the paucity of the data and the potential for pharmaceuticals to end up in the soil, further 
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research is therefore required to fully characterize the potential for pharmaceutical uptake into 

terrestrial invertebrates.                                                                                                                                 

Pharmaceuticals and Personal Care Products (PPCPs) are listed below included: 

Veterinary and human antibiotics (Trimethoprim, erythromycine, lincomycin, sulfamethaxole, 

amoxycillin, chloramphenicol), analgesics and anti-inflammatory drugs (Ibuprofen, diclofenac, 

fenoprofen, acetaminophen, naproxen, paracetamol, acetylsalicylic acid, fluoxetine, 

ketoprofen, indometacine), antidepressants (Diazepam, Carbamazepin, Primidon, Salbutamol), 

fat regulators (Clofibric acid, bezafibrate, fenofibric acid, etofibrate, gemfibrozil), beta-

blockers (Metoprolol, propranolol, timolol, sotalol, atenolol), X-rays contrast (Iopromid, 

iopamidol, diatrizoate), Steroids and hormones (Estradiol, estrone, estriol, diethylstilbestrol). 

Personal care Products: Sun-screen agents (Benzophenone, methylbenzylidene camphor) 

Scents, UV filters, Insect repellents (N, N-diethyltoluamide), surfactatnts (surface-active 

substances), antiseptics (Triclosan, chlorophene). Table 3 shows concentration of selected 

PPCPs in sewage sludge. 

Table 3: Concentration of selected PPCPs in sewage sludge 

Organic material Triclosan Caffeine Citalopram Diclofenac Telmisartan 

Sewage sludge (ng/g) 543.2±62.07 141.8±21.6 440.28±4.9 284.2±16.97 10,161.6±391.7 

Source: Dume et al. 2023 

2.1.3. Polycyclic aromatic hydrocarbons (PAH) 

Organic pollutants, such as polycyclic aromatic hydrocarbons (PAHs), have been 

identified as a significant group of contaminants found in sewage and subsequently in sludge. 

These pollutants find their way into wastewater from multiple sources and become absorbed by 

solid particles. Consequently, during processes like biological treatment, they tend to 

accumulate in the sludge due to their parasitic nature (Xie et al. 2012). PAHs possess relatively 

high water solubility and exhibit strong lipophilic characteristics. These compounds 

predominantly find their way into the environment through the release of waste from industrial 

facilities like refineries, wastewater treatment plants, as well as from natural sources. 

Additionally, household and municipal usage of certain products containing PAHs contributes 

to their presence in the environment. Subsequently, these PAH compounds can be discharged 

into sewage through the mentioned sources and ultimately undergo concentration and 
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accumulation in sewage sludge (Mokhtari et al. 2017). Figure 2 shows some example of 

polycyclic aromatic hydrocarbon (PAH) in sewage sludge. 

 

Figure 2.  Some example of polycyclic aromatic hydrocarbon (PAH) 

Most PAHs are absorbed to particles at low vapour pressure in the air. In the case of dispersing 

in water or being absorbed on a particulate material, they may be decomposed when exposed to 

ultraviolet light of sunshine. In the atmosphere, PAHs can produce nitro, di-nitro-PAHs, and 

sulfonic acids with pollutants including ozone, nitrogen, and sulphur oxides, respectively. 

Moreover, PAHs may be decomposed by some microorganisms in the soil (Zhang et al. 2020). 

Polycyclic aromatic hydrocarbons are common pollutants in soils and typically tend to be 

persistent in soils because of their relatively low mobility and high resistance to degradation.  

As a result, prior to the ultimate treatment of sludge, it becomes crucial to determine the 

concentration levels and risk assessment of pollutants, including PAHs. This information plays 

a significant role in assessing the potential fate and environmental impact of these specific 

compounds. Table 4 shows comparison of PAH concentrations in sewage sludge from 

wastewater treatment plants across the world. 
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Table 4. Comparison of PAH concentrations in sewage sludge from wastewater treatment 

plants across the world 

 

Location 

Simple size 

(No. of WWTPs) 

 

Sludge type 

 

∑PAHs (ng/g) 

 

References 

China(Honk Kong) n = 2 Municipal 796 – 839 Man et al. 2016 

China(Zhejiang) n = 3 Municipal 16,090 – 20,900 Hu et al. 2014 

China(Shaanxi) n = 18 Various 778 –3,265 Wu et al. 2019 

Korea(Ulsan) n = 1 Industrial 2,100 Oh et al. 2016 

Japan(Hiroshima) n = 1 Municipal 69 Osaki et al. 2015 

Poland(Opole) n = 2 Municipal 10,060 –30,540 Poluszyńska et al. 

2017 

Italy(Lombardy) n= 1 Municipal 2,325 –2,890 Torretta & 

Katsoyiannis 2013 

Source: Wu et al. 2019 

2.1.4. Polychlorinated biphenyls (PCBs) 

Polychlorinated biphenyls (PCBs) are a family of non-polar, aromatic chlorinated 

hydrocarbons that were produced commercially by direct chlorination of biphenyl. There are 

209 possible different PCB compounds referred to as congeners, depending on the biphenyl 

rings capacity of 1-10 possible chlorine sites. Health concerns arose from PCBs suspected 

toxic and carcinogenic properties, as well as its endocrine disruptive effects, including effects 

on the immune system, reproductive system, nervous system, and endocrine system. PCBs also 

bio-accumulates in the food chain, with concentrations increasing by several orders of 

magnitude at succeeding trophic levels. The transport of PCBs between agricultural soils and 

earthworms has also been studied, with the primary objective of using the earthworms as 

monitors and indicators of soil contamination. Concentration of selected PCBs in sewage 

sludge is shown in Table 5. Research has also focused on investigation of the changes in 

metabolic activity of earthworms as a consequence of their exposure to PCBs. 

Table 5. Concentration of selected PCBs in sewage sludge 

Organic material PCB-28 PCB-52  PCB-101 PCB-118 PCB-138 PCB-153 PCB-180 

Sludge(ng/g,) 1,317.1 26.4 3.101 2.763 3.002 2.893 0.2893 

Source: Yao et al. 2014 
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The risk posed by these organic contaminants to soil animals and plants, as well as to human 

health, is concerning. The pollutants in soil may undergo mineralization, degradation, sorption, 

bound-residue formation, and transformation to various metabolites. These processes can 

accelerate the dissipation of pollutions in soils, but the metabolites may be more toxic to soil 

organism. Soil organisms and plants can accumulate organic pollutants from soils and affect 

the environmental fate of the pollutions. They increase sorption of pollutants to soil (especially 

on fresh cast) and degradation of various organic pollutants in soil but decrease mineralization 

of the pollutants and produce more metabolites. Both laboratory and field studies showed that 

degradation by plants and their associated microbes are efficient to remove variety organic 

pollutants including PCB from soil. Wetland plants can stimulate metabolism and dissipation 

of TBBPA in submerged soil, and willow plants increase the removal of PPCP from soil 

(Zhang et al. 2020). 

2.2. Vermicomposting  

Vermicomposting is gaining popularity due to its versatility (Soobhany 2019). Recent 

research has also shown that a controlled vermicomposting process reduces greenhouse gas 

(GHG) emissions (Lv et al. 2018). As a result, vermicomposting can use to recover nutrients 

from organic solid wastes such as sewage sludge in a more secure and environmentally sound 

manner. Vermicomposting, in which earthworms and the bacterial community in their 

alimentary canal promote material transformation, may be used as an alternative or supplement 

to composting (Hait & Tare 2012). Vermicomposting is also a bio-oxidative process that 

engages earthworms and microorganisms. Microorganisms, both in the guts of the earthworms 

and in the feedstock, are responsible for biochemical decomposition of organic matter; in 

contrast, the earthworms fracture the substrate, increasing the surface area exposed to the 

microorganisms. As a result, earthworms directly alter the material’s physical qualities while 

indirectly altering its chemical properties. Vermicomposting is a mesophilic biological process 

in which earthworms and microorganisms interact to treat organic waste. Earthworms act as 

mechanical blenders in this technique, accompanied by microorganisms that act as biochemical 

degraders of organic waste.  
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Figure 3. Step-wise procedure for vermicomposting (Sharma & Garg 2023) 

Earthworms and microbes work together to degrade waste and recycle it into vermicompost, a 

humus-rich product. Vermicompost has a high porosity and surface area, as well as a good 

nitrogen (N), phosphorus (P), potassium (K) and C/N ratio. It also has excellent antibacterial 

properties. Earthworms and microorganisms work differently during vermicomposting, and 

earthworms are the process's dynamic operators, acting as waste degraders and fragments. This 

action increases the surface area of the waste and exposes it to microorganisms, making it more 

suitable for microbial activity. The earthworm's intestine contains microbial flora that aids in 

the biochemical degradation of waste (Dominguez & Edwards 2011). Vermicomposting has 

two stages: active and maturation. Earthworms change the physical state and microbial 

composition of organic waste during the first phase (Lores at al. 2006). During the maturation 

phase, earthworms migrate to new layers of waste, and microbes continue to degrade 
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(Dominguez & Edwards 2011). The step-by-step procedure for vermicomposting is shown in 

Figure 3. To achieve optimal conditions for earthworms, a variety of waste residues such as 

animal excreta, sugarcane trash, sewage sludge, paper waste, crop straw, and so on are used as 

bedding materials. Vermicomposting bedding should have a high C/N ratio, good bulking 

potential and high absorbency (Garg et al. 2006). 

2.3. Factors affecting vermicomposting 

The essential factors on which process of vermicomposting depends are abiotic and biotic. The 

most important abiotic factors which affect vermicomposting process include temperature, 

moisture content, C/N ratio, pH value, and oxygen availability; feed quality, light, ammonia 

and salt content. The biotic factors are earthworm stocking density, micro-organism, and 

enzymes.  

2.3.1. Temperature 

Earthworms have fairly complex responses to changes in temperature, the optimum 

temperature range may be 25-37 
°
C, which favours the activity, growth, metabolism, 

respiration, reproduction, and cocoon production for earthworms and also favours the 

microorganisms associated with earthworms. Worms tolerate at a temperature range of 5-29 
°
C 

(Sinha et al. 2002). Different tolerant temperature ranges are documented by several 

researchers from 0 to 40 
°
C (Nagavallemma et al. 2004). At higher temperatures (above 30 

°
C), 

the chemical and microbial activity enhances in the substrate, which leads to the reduction of 

oxygen level and thus had negative effects on earthworms (Sinha et al. 2002). Different 

earthworm species showed different responses against temperature. For example, Eisenia fetida 

grows optimally at 25 
°
C with 0-35 

°
C temperature tolerance, whereas Dendrobaena veneta 

showed optimum growth at lower temperature and found less tolerance of extreme 

temperatures. Eudrilus eugeniae and Perionyx excavatus also showed optimum growth at 

about 25 
°
C; however, their tolerance temperature range was generally found between 9 and 35 

°
C. In another study, Dendrobaena veneta showed poor reduction with decreasing temperature. 

A study conducted by Frederickson & Howell 2007 to assess the earthworm population in 

unheated (at ambient temperature of 6.3
 °
C ±2.3

 °
C) and heated beds (at 13.7 

°
C±0.8

 °
C) showed 

greater earthworm biomass and higher numbers of hatchlings and cocoons in heated beds when 

compared with unheated beds. However, another study found that Eudrilus eugeniae and 

Perionyx excavates showed higher hatching percentage at lower temperatures (20-24
 °
C) when 
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compared with high temperatures (27-30
 °
C) (Giraddi et al. 2008). This discussion may lead to 

the conclusion that different earthworm species responded differently to different temperature 

ranges. Vermicomposting systems, when compared with composting process, are greatly 

affected by extreme temperature conditions, that is, low or high temperature. For example, 

higher temperatures in vermicomposting systems are responsible for the loss of nitrogen as the 

consequence of NH3 volatilization. On the other hand, lower temperatures in vermicomposting 

process fail to destroy pathogenic organisms (Ndegwa & Thompson 2001).   

2.3.2. Moisture content 

A strong relationship exists between the moisture content of organic wastes and the growth 

rate of earthworms. The earthworms need to be in a moist ambient because they need to keep 

their skin wet for respiration through it. It's known that, there is a relationship between 

moisture content and temperature in effecting on vermicompost process. Adequate moisture 

content is one of the most important factors necessary for the working of earthworms and 

microorganisms in vermicomposting system. Earthworms breathe through their skin; therefore 

the system must have adequate moisture content. In a comparative study on vermicomposting 

process and earthworm’s growth at different temperature and moisture ranges showed that 65–

75% is most suitable range of moisture at all ranges of vermicomposting temperature 

(Amaravathi & Reddy 2014). The bedding used for vermicomposting must be able to hold 

sufficient moisture as earthworms respire through their skins and moisture content in the 

bedding of less than of 45% can be fatal to the worms. Although epigenic species, E. fetida and 

E. andrei can survive moisture ranges between 50% and 90%, but they grow more rapidly 

between 80% and 90% (Dominguez & Edwards 1997). The bacteria also plays vital role in 

vermicomposting. Its activity decreases in moisture content lower than 40% and it almost stops 

in lower than 10% (Tchobanoglous et al. 1993). 

2.3.3. C/N ratio 

C/N ratio of feed material affects the earthworms’ growth and reproduction. Higher C/N 

ratio in the feed material accelerates the growth and reproduction of worms. If C/N ratio is too 

high or too low, waste degradation is slowed. Major nutrients requirements for growth 

sustenance of composting microorganisms are carbon (C), nitrogen (N), phosphorus (P) and 

potassium (K) and are acquired during breakdown of organic compounds in order to obtain the 

needed energy for their metabolism (Chen et al. 2011). Carbon (energy source) and nitrogen 
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(build cell structure) are two most important nutrients, and their ratio indicates the rate of 

organic matter breakdown in the composting stock (Chen et al. 2011). According to Igoni et al. 

(2008), limited amount of N reduces microbial growth resulting in slower rate of carbon 

decomposition while presence of excess N than required by available microbial population. 

When there is a decrease in C to N ratio during composting, the frequency of organic N 

mineralization is lower compared to rate of organic carbon mineralization hence the need to 

adjust the initial raw materials to give the optimum C/N ratio definitive of sustainable 

composting. The C/N ratios usually indicate that available C is used up by microorganisms 30 

to 35 times quicker than the N conversion rate (Igoni et al. 2008). Different C/N are 

documented in literature which includes C/N: 25-30:1 (Huang et al. 2008); C/N ratio: 20-40:1; 

C/N ratio 25-50:1 (Petric et al. 2015). Low C/N ratio releases huge sum of soluble salt thereby 

rendering it non-favourable for growing plant and also makes the compost stock to generate a 

characteristic foul-smell (Mohee et al. 2015). Meanwhile high proportion of C/N indicates 

insufficient N for optimum growth of microbial population leading to slow rate of 

decomposition (Chen et al. 2011). The C/N ratio could be adjusted with the use of different 

types of bulking agents which are mixed with organic material before composting in order to 

improve the porosity as well as C/N ratio of the initial feedstock (Zhang et al. 2016). Examples 

of notable bulking agents includes, rice husk, wood chip, sawdust, and peanut shells, and urea 

and they are known to absorb moisture thereby controlling odour during co-composting as 

itself becomes degraded along the process. 

2.3.4. pH 

Neutral pH is suitable for the proper working of earthworms, but the acceptable range 

reported is 4.5-9.0. It mostly depends on earthworms sensitivity and physicochemical 

characteristics of the waste. The difference in physicochemical characteristics of waste mainly 

alters the pH of vermicomposting process. The microbial activity changes physicochemical 

characteristics of waste during decomposition process along with mineralization of nitrogen 

and phosphorus into nitrites/nitrates and orthophosphates (Suthar 2009). Because of the 

decomposition of organics, some intermediates are produced; such as ammonium and humic 

acids, during the decomposition process that alter the change of pH based on the fact that 

negatively and positively charged groups led to either neutral or acidic pH (Pramanik et al. 

2007). Different types of substrates also affect the pH of the vermicomposting system because 

of different intermediate species production, and hence, different types of waste show different 
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behaviors in pH shift, and the overall pH in vermicomposting process drops from alkaline to 

acidic nature. Many studies (Yadav & Garg 2011) reported acidic pH during vermicomposting 

process; however, at initial stages, the pH value is in alkaline range (8.3-7.2), which slightly 

shifts to acidic or neutral range (6.3-7.1) at the end of vermicomposting process (Garg et al. 

2006) owing to the intermediate products produced during the process. Yadav & Garg (2011) 

also reported decreased pH from alkaline (7.2-8.1) to slightly acidic (6.4-6.8), which was 

supported by the results of Khwairakpam & Bhargava (2009). Another experiment conducted 

by Yadav & Garg (2009) also showed decreasing trend in vermicomposting process with 

initially alkaline (6.5-7.9) to finally acidic (5.8-6.7). The results of Suthar (2009) showed 3.5-

9.5) overall decrease in pH value during vermicomposting. The final lower pH of waste when 

compared with the initial characteristics was largely due to the evolution of CO2 and the 

accumulation of organic acids (Usman et al. 2015).  

2.3.5. Oxygen content 

As the earthworms are aerobic organisms, oxygen is essential for vermicomposting. 

Oxygen consumption is a function of microbial and earthworm activity, oxygen levels are also 

related to substrate temperatures. In a vermicomposting system excessive moisture can cause 

poor availability of oxygen and may affect the oxygen supply to the worms. Earthworms are 

oxygen breathers and cannot survive in anaerobic conditions. They operate best when compost 

material is porous and well aerated. Earthworms also help themselves by aerating their bedding 

by their movement through it. E. fetida have been reported to migrate in high numbers from 

oxygen depleted water saturated substrate, or in which carbon dioxide or hydrogen sulfide has 

accumulated (Meng et al. 2018). 

2.3.6. Feed quality 

Suitable feed material for earthworms is a primary need in the vermicomposting process. 

The amount of food that can be consumed daily by earthworm varies with a number of factors 

such as particle size of food, state of decomposition of the food, C/N ratio of food, salt content 

in food etc. Small particle size of feed waste will ensure the earthworms to speed up the 

vermicomposting process. This small particle size allows the proper aeration through the pile 

of waste material and available to worms. The quantity of food taken by a earthworms varies 

from 100 to 300 mg/g body weight/day. Earthworms derive their nutrition from organic 

materials, living microorganisms and by decomposing macro-fauna. 
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2.4. Properties of vermicompost and its uses 

Various organic wastes (animal dung, crop residues, sewage sludge, waste paper, rot food 

etc.) are used to produce vermicompost. Vermicompost application as organic fertilizer 

improves plant growth, enhanced microbial population in soil and suppresses plant diseases.  

Table 6. Physicochemical properties of vermicompost prepared from different organic waste 

Organic wastes pH EC(dS/m) TOC (g/kg) TN (g/kg) C/N ratio Reference 

Paper mill 10 waste 8.01–8.10 1.75–1.89 281–295 15.26–22.17 12.71–19.67 Ganguly & 

Chakraborty 

2018 

Paper mill  20 waste 8.31–8.39 1.78–191 152–165 16.37–23.15 6.61–10.07  

Municipal solid waste 7.25 2.79 364.8 16.84 21.66 Srivastava et 

al.2020 

Sea weeds, cow dung 7.14–7.38 1.97–2.11 21.93–22.02 1.01–1.39 16–21.70 Ananthavalli 

et al. 2019 
Fruit & vegetable waste 6.55–7.29 3.38–3.94 235.4–340.3 15.46–20.43 11.35–22.02  Sharma & 

Garg 2017 

Cow manure,  

 mushroom residue 

7.57 2.98 257.6 23.03 11.32  

Song et al. 

2014 Pig manure,  

mushroom residue 

7.35 3.26 273.6 26.21 10.43 

Source: Sharma & Garg 2023.TOC= Total organic carbon, TN = Total nitrogen, EC = Electrical conductivity  

Soil quality is also improved by vermicompost as it can enhance soil porosity, water retention 

and oxygen content. If vermicompost is a component of integrated nutrient management then 

dependency on chemical fertilizers can be reduced significantly. Table 6 summarizes various 

physico-chemical properties of vermicompost prepared from different wastes and uses of 

vermicompost are given in Figure 4. Vermicompost is a finely divided peat-like material with 

excellent structure, porosity, oxygen, drainage, and moisture-holding capacity (Edwards et al. 

2011). Vermicompost, an organic fertilizer rich in N, P, K, micronutrients, and beneficial soil 

microbes (nitrogen-fixing and phosphate solubilizing bacteria and actinomycetes), is a 

sustainable alternative to chemical fertilizers, which is an excellent growth promoter and 

protector for crop plants (Chauhan & Singh 2015). Today vermicompost is an important 

component of organic farming systems, because it is easy to prepare, has excellent properties 

and is harmless to plants. Vermicompost improves the physical, chemical and biological 

properties of the soil as well contribute to organic enrichment (Chauhan & Singh 2013). 
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Figure 4. Benefits of vermicompost as organic fertilizer 
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3. Hypotheses and objectives of the work 

3.1. Hypotheses 

 The addition of different proportions of bulking agent (straw pellets) during sewage 

sludge composting and vermicomposting will significantly affect carbon dioxide (CO2) 

and methane (CH4) emissions. 

 The enzymatic activity during composting and vermicomposting of sewage sludge 

mixed with bulking agent (straw pellets) will be significantly different, with 

vermicomposting showing higher enzymatic activity compared to composting. 

 Different mixing mass ratios of bulking agent (straw pellets) reduced the potentially 

toxic element (PTEs) among variants, and earthworms (Eisenia andrei) reduced the 

PTEs among variants during vermicomposting.  

 The content of organic micropollutants (OMPs) (PPCPs and EDCs) is significantly 

reduced during vermicomposting. 

 The feasibility and end-product quality of compost/vermicompost produced from 

sewage sludge will vary under different carbon-to-nitrogen (C/N) ratios. 

3.2. Objectives  

 To assess the carbon dioxide (CO2) and methane (CH4) emissions from sewage sludge 

composting and vermicomposting under the influence of different proportions of bulking 

agent (straw pellets). 

 To compare and evaluate the differences in enzymatic activity during composting and 

vermicomposting of sewage sludge mixed with bulking agent (straw pellets). 

 To evaluate the content of PTEs (As, Cd, Cr, Cu, Pb and Zn) during the vermicomposting 

of sewage sludge in varying proportions with the bulking agent and  the content of the 

PTEs in earthworm tissues with the aim of evaluating the ability of earthworms to remove 

monitored elements from sewage sludge during vermicomposting.   

 To evaluate the contents of organic micropollutants (OMPs) (PPCPs and EDCs) during 

the vermicomposting of sewage sludge in varying proportions with the bulking agent 

(straw pellets). 

 To evaluate the feasibility and end-product quality of compost/vermicompost produced 

from sewage sludge under different C/N ratios. 
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4. Materials and Methods  

4.1. Initial raw materials and earthworms                           

The experiments used freshly deposited sewage sludge collected from a wastewater 

treatment plant (WWTPs) in a small town in the Czech Republic (3,500 population 

equivalents). The WWTP was operated on the mechanical-biological principle with an 

activation process applied for biological (secondary) treatment. The sludge was digested under 

aerobic conditions. Before being used in the experiment, it was kept at 4 
°
C for one week. 

Dried straw pellets were provided by Granofyt Ltd. Company (Chrášťany, Czechia) with a 

diameter of 10 mm. Earthworms were collected from a private vermiculture stock in the Czech 

Republic with grape marc substrate as survival media. Of the determined 32 organic 

micropollutants, only 6.05 ng g
-1

 of caffeine (CAF) and 2.24 ng g
-1

 of telmisartan (TE) were 

detected in earthworm tissues.  Due to its high tolerance for environmental variables such as 

pH, moisture, and temperature, as well as accepting a wide variety of feeds, a high growth rate, 

and the capability of converting semi-composted biomass into stable products, the epigeic 

earthworm species Eisenia andrei was used in the experiments (Yadav & Garg 2016). The 

selected physicochemical properties of the initial materials, organic micropollutants and 

microorganisms before vermicomposting are presented in Table 7. 

Table 7. Physicochemical properties of the initial materials, organic micropollutants and 

microorganisms before vermicomposting 

Parameters Sewage sludge Straw pellet Earthworms 

Dry matter (%) 13.3±0.19 21.2±0.56  

pH-H2O 6.9±0.03 8.3±0.52  

Electrical conductivity (mS/cm) 0.617±0.11 0.68±0.07  

Total carbon (%) 32.9±0.26 42.59±0.36  

Total nitrogen (%) 5.36±0.03 0.80±0.12  

C/N ratio 6.1±0.04 53.67±7.60  

Micropollutants (ng g
–1

)    

Bisphenol A 88.78±18 n.d n.d 

Caffeine 141.81±12.5 10.23±2.56 6.05±0.69 

Carbamazepine 38.51±0.73 n.d n.d 
Cetirizine 78.95±0.69 n.d n.d 

Citalopram 440±2.84 n.d n.d 

Diclofenac 284.22±9.8 n.d n.d 

Ibuprofen 87.33±6.68 n.d n.d 

Mirtazapine 63.26±2.83 1.75±0.07 n.d 

Sulfapyridine 15.22±1.03 1.69±0.04 n.d 

Telmisartan 10,161.60±226 3.74±0.20 2.24±0.11 

Triclosan 543.24±36 n.d n.d 

Venlafaxine 33.97±3.74 1.67±0.03 n.d 

Acetaminophen 85.72±10.65 n.d. n.d. 

Amitriptyline 5.19±0.22 n.d. n.d. 
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Atenolol 5.11±0.11 n.d. n.d. 

Atorvastatin 12.37±0.67 n.d. n.d. 

Carbamazepine 10,11-epoxide 3.72±0.11 n.d. n.d. 

Clarithromycin 89.02±1.01 n.d. n.d. 

Daidzein 14.73±1.08 n.d. n.d. 

Equol 8.85±1.03 n.d. n.d. 

Estrone 15.64±0.98 n.d. n.d. 

Gabapentin 15.45±0.93 n.d. n.d. 

Genistein 14.81±0.25 n.d. n.d. 
Hydrochlorothiazide  103.93±24.65 n.d. n.d. 

Lamotrigine 104.84±30.89 n.d. n.d. 

Metoprolol 82.56±23.88 n.d. n.d. 

Omeprazole 1.27±0.12 n.d. n.d. 

Paraxanthine 28.60±4.41 n.d. n.d. 

Sulfamethoxazole  21.42±0.66 n.d. n.d. 

Sulfanilamide 15.82±0.98 n.d. n.d. 

Tramadol  36.55±1.89 n.d. n.d. 

Trimethoprim 45.06±5.19 n.d. n.d. 

Microorganisms (µg PLFA/g dw)    

Fungi  146±2.0 24±3.0 n.a. 

Bacteria  3,150±83.0 53±6.0 n.a. 

Actinobacteria  34±0.0 1±0.0 n.a. 
G+ bacteria 1,159±34.0 20±3.0 n.a. 

G- bacteria 1,766±47.0 22±4.0 n.a. 

Total microbial biomass 4,145±93.0 122±9.0 n.a. 

dw = dry weight, PLFA, phospholipid fatty acids, n.d. = not detected, n.a. = not analysed, values indicate mean ± 

standard error (n = 3), G+ = gram positive bacteria, G- = gram negative bacteria. 

4.2. Experimental set-up 

The experiment included eight variants with three replications at different mixing 

proportions of sewage sludge (SS) and straw pellets (SP) with earthworms (+EW) and without 

earthworms (-EW). Table 8 shows the composition of composting/vermicomposting materials 

in various proportions. In all variants, the additive material was homogenised and transferred to 

worm-bins (40 × 40 × 15cm) for 120 days of vermicomposting and also the same variants were 

transferred to aerobic composters (fermenter barrels) with a working volume of 70 L and a 

diameter of 56 cm, which were constructed with the aim to ensure optimal conditions for 

composting. The substrate (3 L grape marc) containing earthworms were placed into the tray 

from the side to avoid earthworm mortality and to allow earthworms to return to optimum 

condition (Hanc et al. 2022). In the substrate, the average earthworm density (E. andrei) was 

126 pieces/L, with each piece weighing 0.2 g. The vermicomposting process was carried out at 

a constant temperature of 22 °C. The moisture level of the material was maintained at around 

70%–80% by spraying the surface with water every 2 days during vermicomposting. The 

experiment was carried out at the Faculty of Agrobiology, Food, and Natural Resources 

experimental station in Cerveny Ujezd, Czech University of Life Sciences Prague. 
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Table 8: Composition of composting/vermicomposting materials in different proportions  

 

Variants 

 

SS (%) 

 

SS(kg) 

 

SP (%) 

 

SP (kg) 

 

Mixing ratio 

Total weight 

Material (kg) 

Earthworm                  

substrate (L) 

T1 100 9 0 0 4:0 9 3 

T2 100 9 0 0 4:0 9 0 
T3 75 6.75 25 2.25 3:1 9 3 

T4 75 6.75 25 2.25 3:1 9 0 

T5 50 4.5 50 4.5 2:2 9 3 
T6 50 4.5 50 4.5 2:2 9 0 

T7 25 2.25 75 6.75 1:3 9 3 

T8 25 2.25 75 6.75 1:3 9 0 

SS = sewage sludge, SP = straw pellets 

4.3. Measurements of carbon dioxide (CO2) and methane (CH4) during composting 

and vermicomposting 

During the composting and vermicomposting process, a closed chamber technique was 

employed to assess CO2 and CH4 concentrations. This method involved using a tightly sealed 

chamber equipped with two ports, one for sampling the headspace gas and measuring air 

temperature, and the other for connecting to data collection instrument. One end of a plastic 

tube was linked to the closed composting barrels and vermicomposting worm bin, while the 

other end was connected to the measuring instruments. Over a period of 60 days, gas 

measurements were taken twice daily, with 12-hour intervals, using the Gasko Infrared Gas 

Analyzer (Chan et al. 2011). To determine the cumulative CO2 and CH4 emissions, the daily 

values were summed, providing the total gas emissions over the entire duration of the 

experiment (Nigussie et al. 2016). 

  (  )    
(     ) (       )

 
                                                                           ( ) 

Where At(ab) is the cumulative emission (g kg
-1

 dry matter) between the measurement days 

(between ta and tb), ta and tb are the measurement dates, and Fta and Ftb are the gas fluxes on 

the two measurement dates. Therefore, the total cumulative emissions were calculated as the 

sum of cumulative emissions on each day using Equation (2): 

                          ∑  (  )                                                      ( ) 

C losses during composting and vermicomposting were calculated as: 

      ( )  
(                )

        
                                                                      ( ) 
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4.4. Enzymatic activity and phospholipid fatty acid (PLFA) 

The activities of eight hydrolytic enzymes were also determined. In 96-well microplates, 

the activities of eight hydrolytic enzymes were measured: β-D-glucosidase, acid phosphatase, 

arylsulphatase, lipase, chitinase, cellobiohydrolase, alanine aminopeptidase, and leucine 

aminopeptidase. The enzymes were fed with the following substrates: 4-methylumbellyferyl-β-

D-glucopyranoside (MUFG, 2.75 mmol L
-1

) for β-D-glucosidase; 4-methylumbellyferyl-

phosphate (MUFP, 2.75 mmol L
-1

) for acid phosphatase; 4-methylumbellyferyl sulphate 

potassium salt (MUFS, 2.50 mmol L
-1

) for arylsulphatase; 4-methylumbellyferyl-caprylate 

(MUFY, 2.50 mmol L
-1

) for lipase; 4-methylumbellyferyl N-acetylglucosaminide (MUFN, 

1.00 mmol L
-1

) for chitinase; 4-methylumbellyferyl-N-cellobiopyranoside (MUFC, 2.50 mmol 

L
-1

) for cellobiohydrolase; L-alanine-7-amido-4-methylcoumarin (AMCA, 2.50 mmol L
-1

) for 

alanine aminopeptidase; and L-leucine-7-amido-4-methylcoumarin (AMCL, 2.50 mmol L
-1

) 

for leucine aminopeptidase. Hydrolytic enzyme activities were measured by a change in 

fluorescence 5 and 125 minutes after incubation in microplates at 40 °C, with an excitation 

wavelength of 355 nm and an emission wavelength of 460 nm, in accordance with 

(Hřebečková et al. 2019; Hanc et al. 2017;  Košnář et al. 2019). 

For phospholipid fatty acid (PLFA) determination, samples were extracted using a mixture 

of phosphate buffer, chloroform, and methanol (0.8:1:2; v/v/v). The extracted fatty acids were 

converted to methylated esters and analyzed using gas chromatography-mass spectrometry 

(450-GC, 240-MS Varian, Walnut Creek, CA, USA). The analysis method has been described 

in detail by Hanc et al. (2022). 

 4.5. Analysis of potentially toxic elements (PTEs) 

To analyze the content of PTEs (As, Cd, Cr, Cu, Pb, and Zn) in inatioal feedstocks (SS, SP 

and earthworms), variants and compost/vermicompost, a decomposition technique using wet 

digestion (65% HNO3 + 30% H2O2) was employed. Firstly, the samples were subjected to this 

wet digestion process to release and quantify the PTEs present. After separating the 

earthworms from the samples, they were manually counted. Subsequently, the earthworms 

underwent washing and weighing to determine their biomass. To assess the PTE content in the 

earthworms, the same wet digestion method (65% HNO3 + 30% H2O2) was used. The wet 

digestion process was carried out in a closed system with microwave heating using the Ethos 1 

system from MLS GmbH, Germany. For quantifying the PTEs (As, Cd, Cr, Cu, Pb, and Zn) in 
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both vermicompost and earthworms, inductively coupled plasma optical emission spectrometry 

(ICP-OES) was utilized, employing an axial plasma configuration. The ICP-OES instrument 

used for this purpose was the VARIAN VistaPro from Varian, Australia. In summary, the PTE 

content in vermicompost and earthworms was determined through wet digestion using a 

specific acid mixture, followed by analysis using ICP-OES in the axial plasma configuration 

(He et al. 2016). 

4.6. Extraction and analysis of PPCPs and EDCs  

The PPCPs and EDCs in the samples were analysed using LC-MS/MS after they had been 

homogenized. Subsequently, 1-2 g samples were moved to an extraction cell and placed in an 

accelerated solvent extractor (ASE, Dionex). The extraction process included preheating the 

methanol solvent and the cell to 80 °C and then performing three cycles with five-minute fixed 

intervals between each cycle. The evaporated extracts were spun in a centrifuge at 6000 g for 

10 minutes, and the supernatants were collected and transferred to 2 mL vials for further 

analysis. The Agilent 1260 infinity liquid chromatography system and Agilent 6470 LC/TQ 

triple quadrupole mass detector were used to examine the samples. Separation was carried out 

using a Poroshell 120 EC-C18 column (2.7 m, 3 mm x 100 mm, Agilent) and a Poroshell 120 

EC-C18 pre-column (2.7 m, 3 mm x 5 mm, Agilent), both of which were heated to 40°C. The 

mobile phase was made up of phase A (0.5 mM ammonium fluoride in MQ water plus 0.01% 

formic acid, LC-MS grade) and phase B (100% methanol, LC-MS grade). The elution schedule 

of the gradient was such that the % phase B was as follows (time [min]): 0, 5; 4, 50; 6, 50; 18, 

100; 21, 100; 22, 5, and 23, 5. The mobile phase had a flow rate of 0.4 mL/min, the duration of 

the run was 23.50 minutes, and the amount injected was 2 L. The matrix effect was diminished 

by the use of automatic standard additions of 1, 5, and 25 ng/mL to measure the samples. 

Innemanová et al. (2022) utilized MassHunter Source Optimizer and Workstation Optimizer 

(Versions 10.0, SR1, Agilent) to optimize the mass spectrometric parameters. After the 

experiment the analyses were carried out at the Institute of Microbiology of the Czech 

Academy of Sciences. The analysis was done as part of a planned procedure called "scheduled 

analysis". The target of this study consisted of 32 OMPs, 28 of which were PPCPs and four 

were EDCs (Bisphenol A, Estrone, Daidzein and Genistein). Based on the available data 

analysed, the following 32 OMPs were included (Table 7).  
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4.7. The calculation for a percentage reduction of OMPs and PTEs 

The reduction percentage R (%) of each variant was calculated for the content of all OMPs 

and PTEs using the following equation (Ashfaq et al. 2017). 

 ( )  
     

  
                                                                                      ( ) 

Where Ci is the concentration of OMPs/PTEs in mg kg
-1

 on the initial (day 0) variants) and Cf 

denotes the same for the final concentration of OMPs/PTEs after 120 days of 

vermicomposting. 

4.8. Analysis of agrochemical properties 

Various agrochemical parameters were analyzed. These parameters included pH, EC, total 

and available macronutrients (K, Mg, and P), mineral nitrogen forms (N-NO3
-
, N-NH4

+
), 

micronutrients (B, Cu, Fe, Mn, and Zn), total nitrogen (TN), and total carbon (TC). To 

determine the pH and EC values, a WTW pH 340i and WTW Cond 730 instrument were used, 

respectively, following the BSI EN 15933 (2012). For the analysis of total macronutrients (K, 

Mg, and P), a closed system with microwave heating using an Ethos1 system (MLS GmbH, 

Germany) was employed. The contents of N-NO3
-
, N-NH4

+
, readily available macronutrients 

(K, Mg, and P), and available micronutrients (B, Cu, Fe, Mn, and Zn) were determined using 

the CAT solution (0.01 mol.l
-1

 CaCl2 and 0.002 mol.l
-1

 diethylene triamine pentaacetic acid 

(DTPA) at a ratio of 1:10 (w/v), following the BSI EN 13651 (2001) standard. To assess the 

total and available element contents, optical emission spectrometry using inductively coupled 

plasma (ICP-OES) with axial plasma configuration was conducted, using the VARIAN 

VistaPro instrument from Varian, Australia. To determine the C/N ratio, a CHNS Vario 

MACRO cube analyser (Elementar Analysensysteme GmbH, Germany) was utilized, 

following the methodology described by Hanc et al. (2017). The CHNS Vario MACRO cube 

analyser is known for its high accuracy and reliability in determining total carbon and total 

nitrogen content, which enables the calculation of the C/N ratio. Regarding the earthworms, 

they were manually sorted and counted after being separated from the samples. The 

earthworms were further washed with water and weighed to determine their weight for 

subsequent analysis. 
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4.9. Statistical analyses  

Normality analyses were performed (Kolmogor-Smirnov, Lilliefors, Shapiro- Wilk's W test) 

and homogeneity (Cochran's, Hartley's, Bartlett's test). Based on the results for normality and 

homogeneity, analysis of variance followed by one-factor ANOVA was chosen Tukey's HSD 

test (p < 0.05) using Statistica 12 software (StatSoft, Tulsa, USA). Multiple linear regression 

and correlation analyses Pearson's correlation coefficient (p < 0.05) and principal component 

analysis (PCA) were performed using R version 4.0.2.  
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6. Summary discussion  

6.1. Effects of composting and vermicomposting on carbon dioxide and methane    

emissions with varying straw pellet ratios 

Initially, the emissions of CO2 and CH4 were highest during composting/vermicomposting 

of sewage sludge (SS) and gradually declined over time. The fate of carbon in the waste 

substrate was closely linked to the release of CH4 and CO2 during both composting and 

vermicomposting processes. Vermicomposting generally results in reduced CH4 emissions due 

to the aerobic conditions it creates (Manios et al. 2007).Vermicomposting led to higher CO2 

emissions, indicating further decomposition progress. CH4 emissions were significantly 

reduced by 18-38% through vermicomposting, while CO2 emissions increased by 64-89% 

compared to composting. The addition of the mixing agent (straw pellet-SP) decreased CO2 

emissions by 60-70% and CH4 emissions by 30-80% compared to the no addition of SP. Mass 

balance analysis revealed that composting resulted in a carbon loss of 5.5-10.4%, with CH4 

accounting for 0.3-1.7% and CO2 accounting for 2.3-8.7% of the emitted gases. In contrast, 

vermicomposting led to a carbon loss of 8.9-13.7%, with CH4 representing 0.1-0.6% and CO2 

accounting for 5.0-11.6% of the emitted gases. 

6.2. Evaluating enzymatic activities during composting and vermicomposting of 

sewage sludge at different proportions of straw pellets 

The enzymatic activity during composting and vermicomposting of SS and their mixtures 

exhibited the most significant decrease in the first half of the processes. After four months, the 

sludge with 50% SP addition showed the least enzymatic activity, indicating the importance of 

straw in accelerating the production of mature compost from SS. Similarly, lower enzyme 

activity was observed during vermicomposting of fresh feedstocks compared to pre-composted 

material due to the digestive processes within the earthworms. The enzymatic activity during 

composting and vermicomposting of SS and their mixtures stabilized at the following values: 

β-D-glucosidase 50 mmol MUFG/h/g dw, acid phosphatase 200 mmol MUFP/h/g dw, 

arylsulphatase 10 mmol MUFS/h/g dw, lipase 1,000 mmol MUFY/h/g dw, chitinase 50 mmol 

MUFN/h/g dw, cellobiohydrolase 20 mmol MUFC/h/g dw, alanine aminopeptidase 50 mmol 

AMCA/h/g dw, and leucine aminopeptidase 50 mmol AMCL/h/g dw. These values and lower 

indicate the maturity and stability of the final products. The contents of microorganisms 

including fungi, bacteria, actinobacteria, gram positive bacteria (G+ bacteria), gram negative 
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bacteria (G- bacteria), and total microbial biomass (TBM) were analysed. Fungi were 

significantly decreased in final vermicompost for all variants as compared with initial. 

Bacteria, actinobacteria, G+ bacteria, G- bacteria and TBM significantly decreased in some 

variants (100% SS and 75% SS+ 25% SP); however, significantly increased in remaining 

variants (50% SS + 50% SP and 25% SS + 75% SP). The contents of microorganisms (fungi, 

bacteria, actinobacteria, G+ bacteria, G- bacteria and TBM) varied significantly (p < 0.001) 

among variants. Bacteria and fungi are frequently employed in the degradation of OMPs 

present in SS (Semblante et al. 2015). 

6.3. Effects of vermicomposting on potentially toxic elements in sewage sludge 

The results demonstrated that the mixing ratio of SS and the bulking agent (SP) decreased 

the content of potentially toxic elements (PTEs) as compared to control (without earthworms 

and SP). The PTE content in earthworm tissues showed a significant increase; except for lead 

(Pb) which was below the detection limit (0.02 mg kg
-1

) in earthworm tissues. The reduction 

percentages of PTEs with respect to control  were as follows: arsenic (As) (14-67%), cadmium 

(Cd) (4-39%), chromium (Cr) (24-70%), copper (Cu) (20-68%), lead (Pb) (39-75%), and zinc 

(Zn) (16-65%). In terms of the removal efficiency, the SS mixtures with SP as the bulking 

agent can be arranged in the following order: 75% SP > 50% SP > 25% SP > 0% SP. The 

findings indicate that vermicomposting can be an effective technology for reducing PTEs in SS 

as compared to control. Despite having higher content of potentially toxic elements (PTEs) 

compared to the initial vermicompost, all PTE levels remained within the acceptable range of 

compost quality standards defined by the European Union (EU). This suggests that the 

vermicomposts produced are suitable for agricultural use. Overall, the results indicate that 

vermicomposting is a suitable technology for PTE reduction in SS. 

6.4. Evaluating the earthworms influence on organic micropollutant in sewage sludge 

The concentration of some PPCPs and EDCs decreased from the initial concentration (day 

0) to the final concentration (day 120) in the final products (vermicomposts/composts). The 

concentrations varied significantly (p < 0.05) among the variants. The decrease in PPCP and 

EDC concentrations was thought to be caused by bioaccumulation in earthworm tissue during 

vermicomposting, in their intestine, or by skin absorption. However, a decrease in 

vermicompost’s weight and volume may increase in PPCP and EDC concentration (Mazzeo et 
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al. 2023). According to a report by Hammer & Palmowski (2021), the efficiency of 

micropollutant removal can differ based on the particular substances and research conducted.  

Table 9. OMPs reduction percentage in the final products after 120 days of processing (n =3)   

 Reduction percentage R (%) 

Variants (+EW) AM APAP AT ATN BPA CAF CBZ CBZE CETI CITA CLM 

100%SS 23 100 88 42 53 66 14 100 38 12 89 

75%SS+25%SP -11 100 74 -2 -1 58 -29 100 -17 -17 81 
50%SS+50%SP -32 100 100 -34 -8 57 -66 100 -34 -46 77 

25%SS+75%SP -92 100 100 -134 -4 25 -144 100 -46 -68 69 

Average -28 100 91 -32 10 52 -56 100 -15 -30 79 

Variants (-EW) AM APAP AT ATN BPA CAF CBZ CBZE CETI CITA CLM 

100%SS 9 100 80 36 45 62 1 100 42 25 85 

75%SS+25%SP -38 100 79 -11 -23 58 -45 100 -9 -55 86 

50%SS+50%SP -58 100 72 -27 16 59 -99 100 -47 -74 79 

25%SS+75%SP -124 100 100 -149 -17 25 -183 100 -48 -93 62 

Average -53 100 83 -38 5 51 -82 100 -16 -49 78 

Variants (+EW) DAZ DCF E1 EQ GPN GNT HCTZ IBF LMT MET MIRT 

100%SS 73 96 75 100 62 74 77 100 65 71 54 

75%SS+25%SP 58 97 50 100 20 48 55 86 59 69 42 

50%SS+50%SP 52 96 49 100 55 41 55 83 61 73 53 

25%SS+75%SP 23 94 67 100 33 16 71 91 57 69 61 

Average 52 96 60 100 43 45 65 90 61 71 53 

Variants (-EW) DAZ DCF E1 EQ GPN GNT HCTZ IBF LMT MET MIRT 

100%SS 74 96 79 100 64 78 76 89 51 73 49 
75%SS+25%SP 52 97 55 100 65 55 52 85 55 77 37 

50%SS+50%SP 47 95 38 100 64 37 36 89 49 75 29 

25%SS+75%SP 12 92 -4 100 43 -41 57 79 49 59 41 

Average 46 95 42 100 59 32 55 86 51 71 39 

Variants (+EW) OPZ PXN SAA SMX SPD TE TCS TMD TMP VEN 

100%SS 100 68 73 100 84 19 58 29 92 7 

75%SS+25%SP 100 66 56 100 74 -6 71 4 87 -33 

50%SS+50%SP 100 57 1 100 69 -32 86 3 85 -33 

25%SS+75%SP 100 27 19 100 61 -1150 90 -15 76 -46 

Average 100 55 37 100 72 -292 76 5 85 -26 

Variants (-EW) OPZ PXN SAA SMX SPD TE TCS TMD TMP VEN 

100%SS 100 72 43 100 78 10 17 37 91 20 

75%SS+25%SP 100 60 34 100 63 -28 36 20 86 -9 

50%SS+50%SP 100 59 32 100 65 -46 51 -17 78 -241 

25%SS+75%SP 100 21 5 100 55 -888 50 -14 70 -63 
Average 100 53 29 100 65 -238 39 7 81 -73 

AM = Amitriptyline, APAP = Acetaminophen, AT = Atorvastatin, ATN = Atenolol, BPA = bisphenol A, CAF = 
caffeine, CBZ = carbamazepine, CBZE = Carbamazepine 10,11-epoxide, CETI = cetirizine, CITA = citalopram, 

CLM = Clarithromycin, DAZ = Daidzein, DCF = diclofenac, Equol, E1 = Estrone, EQ = Equol, GPN = 

Gabapentin, GNT = Genistein, HCTZ = Hydrochlorothiazide, IBF = ibuprofen, LMT = Lamotrigine, MET = 

Metoprolol, MIRT = mirtazapine, OPZ = Omeprazole, PXN = Paraxanthine, SAA = Sulfanilamide, SMX = 

Sulfamethoxazole, SPD = sulfapyridine, TE = telmisartan, TCS = triclosan, TMD = Tramadol, TMP = 

Trimethoprim, VEN = venlafaxine.  SS = sewage sludge, SP= straw pellet, (+EW) = variants with earthworms, (- 

EW) = variants without earthworms. 

The range of removal can fall anywhere between nearly complete to no/insignificant removal. 

To categorize this range, Hammer & Palmowski (2021) have divided it into five groups: 

insignificant removal (0-20%), low removal (20-40%), medium removal (40-60%), high 
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removal (60-80%), and very high removal (80%). Variants with earthworms (+EW) reduced 

some OMPs (PPCPs and EDCs) than variants without earthworms (-EW) (Table 9). The 

reduction of these OMPs substances was recorded; however there was an increase of some 

OMPs. These present findings, show some inconsistency regarding the removal efficiency of 

certain PPCPs and EDCs during vermicomposting of SS. It is important to note that the 

removal efficiency of PPCPs and EDCs could also be influenced by factors such as the type 

and amount of microorganisms present, the organic loading rate, the retention time, and the 

system's temperature (Shi et al. 2020). Therefore, it is necessary to conduct more studies under 

different experimental conditions to understand better the fate and behaviour of particular 

OMPs during vermicomposting of SS. Innemanová et al. (2022) conducted a study on the 

removal efficiency of PPCP and EDC during vermicomposting of dewatered SS under outdoor 

conditions for one year. Nevertheless, the behaviour of these compounds was not extensively 

elaborated upon. Moreover, the experiment was conducted outdoors, which could have been 

impacted by various external factors such as temperature and humidity. The average negative 

reduction percentages R (%) of some OMPs showed that the concentrations of PPCP had 

increased (Table 9). During vermicomposting/composting, specific organic micropollutants 

(OMPs) might experience an increase due to intricate interactions involving earthworms, 

microorganisms, and the organic substrate. As earthworms ingest and process the organic 

material, the vermicomposting system undergoes shifts in microbial communities and 

metabolic processes. Consequently, certain OMPs could undergo breakdown or transformation 

into metabolites with heightened stability and concentration, thus raising their levels in the 

final product. Additionally, earthworms possess the capability to selectively accumulate 

particular compounds, potentially concentrating OMPs within their tissues, thereby influencing 

OMP concentrations in the resulting vermicompost. This intricate interplay of biological and 

chemical processes contributes to the variation in OMP concentrations during 

vermicomposting. The observed increase in OMP concentrations during vermicomposting or 

composting might arise from the conversion of these compounds into unmeasured forms. 

Furthermore, microbial degradation of organic matter during these processes could release 

certain compounds from the SS. Earthworm presence during vermicomposting could further 

augment compound concentrations by modifying microbial activity and organic matter 

decomposition rates, potentially leading to the creation of novel compounds or the liberation of 

previously bound ones (Mazzeo et al. 2023; Innemanová et al. 2022). In general, the reduction 
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in PPCPs and EDCs revealed that their absorption/accumulation in earthworms outweighed the 

volume reduction effect during processes, and the additive materials enhanced the PPCP and 

EDC removal efficiency even further (Zeb et al. 2020), and also due to microbial degradations 

and adsorption of these chemical substances onto organic matter of compost (Dubey et al. 

2022).  

Out of the 32 evaluated OMPs, earthworm tissues initially contained only 6.05 ng g
–1

 of 

CAF and 2.24 ng g
–1

 of TE, while the other 30 OMPs were not detected in the initial analysis 

of earthworm tissues. However, at the end of vermicomposting, the following seven PPCPs 

were detected at higher concentrations in the earthworm tissues: CBZ, CETI, DCF, CAF, 

CITA, TCS, and TE. The highest concentration of PPCP in earthworm tissue was TE. Because 

of the reasonably consistent relationships between the concentrations of certain pollutants in 

earthworms, earthworms accumulate a significant amount of PPCPs and EDCs in their tissues 

and may be a useful biological indicator of contamination. The earthworm's interaction with 

local edaphic factors such as pH, organic matter content, enzyme activities and are mainly 

responsible for the accumulating PPCPs and EDCs (Zeb et al. 2020). TC reduction also results 

in the formation of intermediate metabolites and acids (humic acids), which lower the pH of 

the sludge mixtures (Zziwa et al. 2021).  

Vermidegradation is the process by which various pollutants in earthworms are degraded 

using enzymes such as CYP450 and peroxidase or by gut microbes, also known as ‘vermin-

endophytes’ which are microbes, bacteria, or fungi that live within earthworm tissues without 

causing any disease (Zeb et al. 2020). Vermidegradation is primarily concerns removing of 

organic micro-pollutant compounds such as PPCPs and EDCs (Bhat et al. 2018). The negative 

percentage of vermidegradation for some OMPs (PPCPs and EDCs) implies that the final 

concentrations of some OMPs found in vermicompost were greater than the initial input 

materials, which implied that the earthworms had insignificant influence on the degradation of 

some PPCPs and EDCs during vermicomposting (Shi et al. 2020). This difference might be 

due to the extremely high concentration in the variant without earthworms (-EW) (control) and 

indicating that these PPCPs and EDCs are resistant to vermidegradation (Haiba et al. 2018). 

Shi et al. (2020) explain that vermiaccumulation is the process by which earthworms absorb 

and retain pollutants, leading to a decrease in the concentration of substances like PPCPs and 

EDCs in SS. The concentrations of PPCPs and EDCs in earthworm tissues were recorded by 
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examining earthworm samples before and after vermicomposting. Eisenia andrei, a species of 

earthworm, has the ability to ingest and process pollutants during vermicomposting. This 

includes the process of grinding and digestion, allowing for the absorption of these pollutants 

through the intestinal tract into the worm tissues. Vermicomposting has been found to be 

effective in reducing the concentration of OMPs in SS, thus addressing the issue.  However, a 

new question arises about how to handle the earthworms that have accumulated OMPs in their 

bodies, as highlighted by Shi et al. (2020). The EW will accumulate PPCP and EDC to a 

certain level, after which the concentration of pollutants inside the organism will either stop 

increasing or the organism, will die. In both cases, this means that earthworms' ability to 

degrade PPCP and EDC is reduced. Earthworms’ ability to degrade PPCP and EDC is reduced 

in both cases. Measurable influence of earthworms may be possible only if new earthworms 

are used in each situation (Zeb et al. 2020).  

6.5. Sewage sludge composting and vermicomposting at various C/N ratios: 

Technological feasibility & product quality 

The effects of carbon-to-nitrogen (C/N) ratios, the composting and vermicomposting 

processes on the final product’s properties were emphasized. Both composting and 

vermicomposting were found to be viable across various C/N ratios, though the quality of the 

end-products varied. A comparison of the two end-products obtained from the same starting 

materials (SS and SP) revealed that vermicomposting led to notable increase in electrical 

conductivity (EC), total and available potassium (K), available magnesium (Mg), total Mg, 

available phosphorus (P), nitrate nitrogen (N-NO3
-
), available boron (B), and copper (Cu). 

However, vermicomposting resulted in decreased pH, total carbon (TC), total nitrogen (TN), 

available iron (Fe), manganese (Mn), zinc (Zn), and ammonium (NH4
+
). In particular, the 

variant with an 18:1 C/N ratio during the 60-day vermicomposting process recorded the highest 

number of earthworms, whereas the lowest number of earthworms was observed in the variant 

with a 6:1 C/N ratio during a 30-day vermicomposting process. The agrochemical 

characteristics of the 18:1 C/N ratio variant significantly outperformed those of the compost. 

Overall, the research underscores the importance of C/N ratios and the choice of composting 

method in determining the final product's properties, with vermicomposting showing distinct 

advantages in certain areas over composting. 
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7. Conclusion 

Vermicomposting demonstrated a noteworthy decrease in CH4 emissions, accompanied by 

a simultaneous increase in CO2 emissions. The introduction of SP as a mixing agent yielded a 

significant reduction in both CO2 and CH4 emissions. These findings underscore the potential 

of both composting and vermicomposting, augmented by the incorporation of a mixing agent 

like SP, as viable strategies for mitigation, particularly concerning the reduction of CH4 and 

CO2 emissions, contingent upon the specific targeted gas. 

Earthworms possess a specialized digestive system with enzymes that aid in breaking 

down organic matter. As they consume the organic material in the compost, the enzymatic 

processes are initiated within their digestive system to decompose and digest the organic 

matter. When earthworms are introduced into a system for the purpose of composting or 

organic matter decomposition, some of the enzymatic activity that would have otherwise 

occurred externally (compost) is redirected to their internal digestive processes. As a result, the 

overall enzymatic activity in the surrounding compost may decrease, as the earthworms 

efficiently digest and process the organic matter within their digestive tract. In essence, the 

earthworms act as efficient decomposers themselves, utilizing enzymatic processes internally, 

which can lead to a decrease in enzymatic activity in the external environment or compost 

where they are present. This phenomenon is a natural consequence of their role in the 

decomposition process and is often observed when earthworms are introduced into composting 

systems. Similarly, during vermicomposting of fresh feedstocks, lower enzyme activity was 

observed compared to pre-composted material, as a result of the digestive processes within the 

earthworms. Furthermore, the final vermicompost produced from fresh feedstocks exhibited 

lower microbial biomass, fewer fungi, and G- bacteria in comparison to the pre-composted 

feedstock. 

The addition of a bulking agent (SP), to SS resulted in a reduction in the content of various 

potentially toxic elements (PTEs). Compared to the control, the mixing of SS with SP led to 

decreases in PTEs (As, Cd, Cr, Co, Pb, and Zn). The removal efficiency of PTEs varied among 

the sludge mixtures, with the arrangement being 75% SP > 50% SP > 25% SP > 0% SP. 

Furthermore, a significant (p < 0.001) relationship was observed between the total carbon loss 

and PTEs. These results suggest that vermicomposting is an effective method for decreasing 

the content of PTEs in SS. 
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It was hypothesised that earthworms could remove some OMPs (PPCPs and EDCs) 

compared to SS/composting due to bioaccumulation of these chemicals in earthworm tissue 

during vermicomposting. The reduction of these OMPs substances was recorded; however 

there was an increase of some OMPs. Furthermore, the reduction in the weight and volume of 

end product (vermicompost/compost) may result in an increase in the concentration of these 

selected OMPs. Therefore, from this finding, earthworms have shown great promise in 

removing selected PPCP and EDC from SS. Simultaneously; it is strongly suggested to 

perform further research oriented to the development of more effective and sustainable 

methods for removing OMPs from SS.    

The study findings indicated that vermicompost exhibited significantly better 

agrochemical properties compared to compost. Vermicompost showed elevated levels of total 

potassium, total magnesium, nitrate nitrogen, available potassium, available phosphorus, 

available magnesium, available boron, and available copper. On the other hand, vermicompost 

displayed lower levels of ammonium nitrogen, available iron, available manganese, available 

zinc, total carbon, and total nitrogen. Among the various C/N ratios studied, vermicompost 

with an 18:1 C/N ratio surpassed compost and showcased the highest earthworm population. 

Therefore, the research strongly recommends vermicomposting SS with an 18:1 C/N ratio as a 

sustainable and effective technology for producing top-quality vermicompost from SS. 
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