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ARTICLE INFO ABSTRACT

Edited by Dr G Liu Even though sewage sludge (SS) contains a high level of pollutants, it is rich in essential plant nutrients and has

the potential to enhance soil fertility. However, the SS must be further treated through pre-composting plus

Keywords: vermicomposting to make it safe for use on food crops. More research and data are needed to determine how
Sewage Sl“dge‘ different carbon-to-nitrogen ratios (C/N) affect the feasibility and quality of composting vs vermicomposting of
Z;:;:[;pori?mg SS. Therefore, in this study we comprehensively evaluated the feasibility and end-product quality of compost and
Composting vermicompost produced from SS under different C/N ratios. SS was mixed with pelletized wheat straw (PWS) at
C/N ratio various proportions to produce C/N ratios of 6:1, 18:1, 28:1, and 38:1, then pre-composted for 14 days followed

by vermicomposting using the earthworm Eisenia andrei for 120 days. Agrochemical properties were measured at
0, 30, 60, 90, and 120 days. Results revealed significantly higher levels of agrochemicals in vermicompost
compared to compost, including total potassium (37-88%) and magnesium (4.3-12%), nitrate nitrogen
(71-98%), available potassium (53-88%), available phosphorus (79%), available magnesium (54-453%),
available boron (48-303%), and available copper (2.5-82%). However, lower levels of ammonium nitrogen by
(59-85%), available iron (2.3-51.3%), available manganese (29.7-52.2%), available zinc (10.5-29.8%), total
carbon (0.75-4.5%), and total nitrogen (1.6-22.2%) were measured. Comparison of the various C/N ratios,
showed that vermicompost with an 18:1 C/N ratio outperformed compost and demonstrated the highest
earthworm population (165 pieces/kg). Thus, vermicomposting SS at an 18:1 C/N ratio is strongly recommended
as a sustainable technology for producing high-quality vermicompost from SS.

1. Introduction

Sewage sludge (SS) is a by-product produced in large quantities
during wastewater treatment processes. Because of the presence of
pollutants such as organic chemicals and toxic heavy metals, and po-
tential pathogens, raw SS is hazardous and raises serious environmental
concerns about its use as a soil amendment (Hait and Tare, 2012). The
amount of SS produced yearly rises in lockstep with the global urban
population. Because of this increase and the problems associated with SS
disposal, this product poses significant challenges in several regions of
the world (Mousavi, 2022). Mateo-Sagasta et al. (2015) estimated that
the total SS volume produced in Europe (2010), China (2006), and the
United States (2004) was 9, 3, and 6.5 million tons of dry matter per
year, respectively. Composting and vermicomposting of SS for soil
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amendment is typically the most efficient and cost-effective treatment
method and allows farmers to utilize less chemical fertilizer. Since it has
a high content of organic matter and essential plant nutrients, SS is best
suited as a bio-fertilizer (Guilayn et al., 2019). It has been widely
recognized that SS helps to improve the soil’s physical, chemical, and
biological characteristics (Alvarenga et al., 2015). Because of the
occurrence of specific pollutants, including polychlorinated biphenyls
(PCBs), polycyclic aromatic hydrocarbons (PAHs), endocrine disruptors
(EDs), pharmaceutical residues (PRs), toxic heavy metals (e.g., Pb, Cd,
Ni, Co, and Cr), and potentially pathogenic organisms (bacteria, viruses,
and parasites), it is necessary to treat the SS prior to agricultural use to
remove or sequester toxic substances and kill pathogens (Lillenberg
et al., 2010). Some studies have been conducted to assess the use of
aerobic composting and vermicomposting to transform the sludge into a
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safe product for agricultural application (Kinney et al., 2012; Gar-
cia-Gomez et al., 2014; Singh et al., 2020).

Composting and vermicomposting are two common bioorganic
methods for transforming organic waste materials into valuable bio-
fertilizers. In composting, environmentally friendly bacteria and fungi
break down the waste matter and produce stable organic material with
enhanced biochemical and physical properties (Hait and Tare, 2012). In
vermicomposting, earthworms ingest the organic material, converting it
into nutrient-rich castings that can be used as a valuable soil amendment
(Liu et al., 2012). As a bio-oxidative process that involves earthworms
and microorganisms, vermicomposting is gaining popularity due to its
versatility (Soobhany, 2019; Lv et al., 2018; Nigussie et al., 2016).
Composting is also recognized as an environmentally friendly process in
which microorganisms degrade organic matter and turn it into a sani-
tized agricultural soil amendment. The sanitization process is associated
with the early aerobic phase of composting when the temperature in the
composter increases to 45-70 °C (Bernal et al., 2009). This elevated
temperature creates conditions inhospitable to many pathogens and
helps eliminate potential health risks associated with composting some
organic materials like sludge.

Fresh sewage sludge should not be used for vermicomposting since it
is anaerobic, contains substances toxic to earthworms, and also has
excessively high concentrations of ammonia (NH3) and methane (CHy4)
(Awiszus et al., 2018). SS pre-composting at high temperatures is needed
to avoid harm to earthworms and to remove excess ammonia (Kaushik
and Garg, 2003). The material should be aerated and stabilized during
the pre-composting process, reducing moisture content and inactivating
pathogens (Yadav et al., 2012; Yadav and Garg, 2016; Malinska et al.,
2016).

Studies have been conducted comparing the results of composting
and vermicomposting (Lazcano et al., 2008; Rékasi et al., 2019; Tognetti
et al., 2007) and vermicompost has been shown to have a greater market
acceptance than compost because of its better performance and the
significantly greater availability of organic matter and plant nutrients
(Tognetti et al., 2005). Vermicompost contains more humic substances
and stable organic compounds than traditional compost, and also has a
more comprehensive impact on nutrient management because of the
slower nutrient release and the presence of higher levels of plant hor-
mones that encourage growth (Rékasi et al., 2019). Researchers have
compared compost with vermicompost by using the same raw materials
and conditions (Fornes et al., 2012; Hanc and Dreslova, 2016). Thus, for
this study, we used the same raw materials, sewage sludge combined
with pelletized wheat straw, to compare the quality of the final products.

Because of their importance as primary nutrients needed for micro-
bial activity, the carbon and nitrogen levels, and especially the ratio of
carbon to nitrogen (C/N) are regarded as crucial factors influencing
compost quality (LV et al., 2018; Sanchez-Monedero et al., 2010; Zhang
et al., 2016) and how long it takes for the compost to reach maturity
(Tripetchkul et al., 2012; Guo et al., 2012). Evidence has shown that a
C/N ratio of 25-35 is optimal for composting microbes to remain stable
and active (Akratos et al., 2017). According to Kumar et al. (2010), the
ideal starting C/N ratio range for composting is 25-30; however,
Vochozka et al. (2017) argued that improved global standards necessi-
tated a C/N range of 20-30. A high C/N ratio causes the process to start
slowly and take longer to produce finished compost, whereas a low
initial C/N ratio results in high ammonia (NH3) emissions and increased
nitrogen loss (Oudart, 2013). A too low initial C/N of 15 significantly
negatively affected several agrochemical properties during the process
(Huang et al., 2004). El-mrini et al. (2022) reported that a C/N ratio of
25 during composting decreased copper (Cu) and zinc (Zn) mobility, but
increased total metal ion content, which could alter urease enzyme ac-
tivity (Wu et al., 2017). Other researchers found significant effects of
C/N on pathogen reduction (Macias-Corral et al., 2019). The C/N ratio
can be adjusted by choosing the appropriate combination of compost
materials and adding co-substrates to attain the desired final ratio
(Akratos et al., 2017). However, it is still unclear how different C/N
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ratios affect compost quality and the time needed to produce it, and
more studies are needed to determine how different C/N ratios affect the
quality of compost vs vermicompost and the feasibility of producing a
good product from a given substrate. Therefore, this study comprehen-
sively evaluated the feasibility and end-product quality of compost and
vermicompost produced under different C/N ratios.

2. Materials and methods
2.1. Initial raw materials and earthworms

The unstabilized, freshly collected sewage sludge used in this
experiment was obtained from a wastewater treatment plant in a small
town in the Czech Republic. It had a dry matter content of 13.3%, a pH-
H»0 of 6.9, and electrical conductivity (EC) of 0.6 mS/cm. The SS ma-
terial was 32.9% C and 5.4% N (C/N = 6.1), and per kg of dry weight
contained, 5002 mg of potassium (K), 4809 mg of magnesium (Mg), and
15,996 mg of phosphorus (P). Dried pelletized wheat straw (PWS) was
obtained from the Granofyt Co., Ltd.(Chrasfany, Czechia). It had a
diameter of 10 mm and a dry matter content of 21.2%, a pH-H»0 of 8.3,
and an EC of 0.68 mS/cm, with 42.6% C and 0.8% N (C/N = 53.2). Per
kg of dry weight, the PWS contained 5953 mg of K, 935 mg of Mg, and
704 mg of P. Because of the low moisture content of the PWS, it was
mixed with hot water (60 °C) at a 1:4 (w/v) ratio before use. Earth-
worms were collected from a private vermiculture stock in the Czech
Republic with apple pomace as survival medium. The epigeic earth-
worm species, Eisenia andrei, was used in the experiments because of its
high tolerance for toxic substances in SS, adaptability to a relatively
wide range of pH, moisture, and temperature levels, a high growth rate,
and ability to convert semi-composted biomass into stable products,
(Gupta and Garg, 2011; Yadav and Garg, 2016).

2.2. Experimental set-up

2.2.1. Pre-composting

The experiment included four different initial C/N ratios (1) 6:1, (2)
18:1, (3) 28:1, and (4) 38:1 achieved by mixing SS with PWS in different
proportions: (1) 100% SS, (2) 75% SS + 25% PWS, (3) 50% SS + 50%
PWS, and (4) 25% SS + 75% PWS. On a dry-weight basis, this results in
different ratios of SS to PWS: Mix1 (4:0), Mix2 (3:1), Mix3 (2:2), and
Mix4 (1:3). Three replicates were run for each condition (n = 3). Before
vermicomposting, all mixtures were pre-composted for 14 days in 70-L
laboratory reactors with 56-cm diameters. The pre-composting phase
is crucial since this breaks down highly unstable materials, decreases the
concentration of volatile acids, and stabilizes the temperature condi-
tions for the earthworms (Zziwa et al., 2021; Karwal and Kaushik, 2020;
Mainoo et al., 2009).

2.2.2. Vermicomposting

The vermicomposting method used was a technique which had been
proved to give the optimal environmental and technical conditions for
the process (Hanc et al., 2022). After pre-composting for 14 days, the
variants VC1, VC2, VC3 and VC4 for Mix1 (4:0), Mix2 (3:1), Mix3 (2:2)
and Mix4 (1:3) SS:PWS, respectively, were transferred to worm bins (40
x40x15 cm) for vermicomposting in a specially adapted laboratory
under controlled conditions of temperature (22 °C) and relative hu-
midity (80%) and vermicomposted for 120 days. Each worm bin
received adult Eisenia andrei earthworms with an average weight of 0.2
g/piece and number of earthworms at 125 pieces/L of substrate. The
earthworms weighed 25 g per kilogram of substrate. The substrate (3 L
grape marc) containing the earthworms were put inside the plastic
container from the side to ensure earthworm survival and quickly return
them to favourable conditions. A 6-mm mesh separated the materials,
which were sprayed with water every two days to keep the moisture
content of the material at 70-80%.
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2.2.3. Composting

The same vermicomposting mixtures were used for the composting
experiment, which was also run for 120 days. The various SS:PWS for-
mulations, Mix1 (4:0), Mix2 (3:1), Mix3 (2:2), and Mix4 (1:3), labelled
C1, C2, C3, and C4, respectively, 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 (Hanc et al., 2022). For optimal composting, aeration
was provided to promote the growth and activity of aerobic microor-
ganisms, which require oxygen to carry out the decomposition process
efficiently (Wang et al., 2021). In vermicomposting, aeration is not
required since earthworms burrow through the organic materials and
create tunnels that provide oxygen to the microorganisms involved in
the decomposition process. Earthworms can tolerate lower oxygen levels
than aerobic microorganisms, so aeration is not as critical in vermi-
composting as it is in composting (Pathma et al., 2012). Air was pumped
from the bottom through the composted materials using an air
compressor and active aeration device. Batch aeration was performed on
the mixtures for 5 min every half hour at a rate of 4 L of air per minute,
followed by 3 min every half hour. The temperature probe was inserted
from the composter’s top to half the material height, and the tempera-
ture was recorded and stored in a data logger every hour. The leachate
was collected and poured back into the composted material before
sampling at the end of each month to achieve a closed loop of substances
produced in the pile. Based on their experiments, Hanc et al. (2012)
affirmed that these aeration conditions were optimal for good com-
posting. Some studies compared the effectiveness of composting and
vermicomposting without regard for container volume (Lazcano et al.,
2008; Rékasi et al., 2019). However, it is important to note that the
results of composting and vermicomposting can vary depending on a
number of factors, including the starting material, moisture content,
temperature, and other environmental conditions (FAO, 2017). Thus,
our study was performed with controlled temperature and humidity.
The composting and vermicomposting experiments were conducted at
the Czech University of Agricultural Research Station in Cerveny Ujezd.

. Composting 7
©

\

( Sewage Sludge (S5): Pelletized Wheat Straw (PWS) )

Cl1=S5: PWS (4:0)

C2= §S: PWS (3:1) (n=3)
C3=SS: PWS (2:2)
C4=SS: PWS (1:3)
C/N ratios of
mixtures
(1) Mix1 (6:1) P
(2) Mix2 (18:1)
) Vermicomposting
(3) Mix3 (28:1) (VC)
(4) Mix4 (38:1) 5

Sewage Sludge (SS): Pelletized Wheat Straw (PWS) |

VCl= SS: PWS (4:0)
VC2=§S: PWS (3:1)
VC3= §S: PWS (2:2)
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The samples were then collected and analysed at the Czech University of
Life Science’s, Prague laboratories in the Faculty of Agrobiology, Food
and Natural Resources, department of Agro-environmental Chemistry
and Plant nutrition. The experimental study design is shown in Fig. 1.

2.3. Sampling and analysis of agrochemical properties

Representative composite samples (~150 g wet basis for every
variant) were collected on days 0, 30, 60, 90, and 120 and then freeze-
dried (—25°C) for agrochemical analysis. In addition, 30 g samples
were collected from each variant and frozen at 4 °C for later measure-
ment of pH and electrical conductivity (EC). The following agrochemical
parameters were analysed: pH, EC, total and available macronutrients
(K, Mg, and P), mineral nitrogen (N-NO3, N-NHJ), micronutrients (B,
Cu, Fe, Mn and Zn), total nitrogen (TN) and total carbon (TC). The pH-
H30 and EC values were determined using a WTW pH 340i and WTW
Cond 730 (1:5 w/v dry basis), following the BSI EN 15933 (2012). Total
concentrations of macronutrients, K, Mg, and P, were determined by
decomposition in a closed system with microwave heating using an
Ethos1 system (MLS GmbH, Germany). The contents of N-NO3, N-NHj,
readily available macronutrients (K, Mg, and P), and available micro-
nutrients (B, Cu, Fe, Mn, and Zn) were analysed using CAT solution
(0.01 M CaCl; and 0.002 M diethylenetriamine pentaacetic acid (DTPA)
at a ratio of 1:10 (w/v), according to BSI EN 13651 (2001). Optical
emission spectrometry using an inductively-coupled plasma detector
(ICP-OES, VARIAN VistaPro, Varian, Australia) with axial plasma
configuration was used to determine total and available nutrient con-
tents. To determine the C/N ratio, a CHNS Vario MacroCube (Elementar
Analysensysteme GmbH, Germany) analyser was used according to
Hanc et al. (2017). The CHNS Vario MacroCube analyser is a highly
accurate and reliable instrument for determining total carbon and total
nitrogen content. Earthworms and cocoons were hand-sorted, separated
from the samples, counted, and then washed with water and weighed.

Agrochemical properties

=% < pH-H20

< EC(mS/cm)

<+ TC

< IN

< C:N ratios

< N-NOs

% N-NHs

<+ Total and available K, Mg, P
< Micronutrients

(B. Cu, Fe, Mn, and Zn)

Earthworms (EWs)
» Number & Weight
» Number of Cocoons

Fig. 1. The experimental study design.
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2.4. Statistical analyses

The Shapiro-Wilk and Bartlett tests were used to ensure that the data
were normal and homogeneous. The residual plot points were normally
distributed around the mean with relatively homogeneous variances
matching the variance analysis hypotheses. Two-way ANOVA was used
to analyse the variation of agrochemical properties and determine sig-
nificant differences in the properties of the final product between
composting methods and C/N ratios. Post-hoc analysis was performed to
determine significant differences using Tukey’s test on the mean values.
The statistical analyses used R version 4.0.2 and Statistica 12 software
(StatSoft, Tulsa, USA). The level of the statistical test for significance was
set at p < 0.05.

3. Results and discussion
3.1. Changes in temperature during vermicomposting and composting

The temperature during vermicomposting ranged from 19° to 28°C
(Fig. 2a), which was lower than during composting and better for
earthworms (Sinha et al., 2002). The temperature of the variant with a
38:1 C/N ratio (VC4) increased to 28.6 °C at the start (day one) of
vermicomposting. During days three and two, the temperatures of (C3)
and (C4) rapidly reached the thermophilic stage (>45 °C) (Fig. 2b). In
four days, C4 reached a maximum thermophilic phase reading of
65.5 °C, while C3 reached 57.4 °C. The thermophilic phase lasted 14
days in variant C4 and ten days in C3.

The maximum temperatures lasted seven days for variant C2
(37.6 °C) and eight days for variant C1 (29.6 °C), the temperatures then
gradually dropped over the remainder of the experimental period. The
highest C/N ratio caused the most rapid thermophilic decomposition
during the first 10-14 days. However, because of the depletion of easily
degraded organic compounds, the degradation process resulted in less
heat in these mixtures during the cooling phase (Wu et al., 2017). The
variants with C/N ratios of 6:1(C1) and 18:1 (C2) reached maturity at
mesophilic temperatures. These results might have stemmed from the
high moisture content (79-84%) in these variants or because the SS:
PWS ratio affected microbial activity, which influenced the temperature
distribution of the composting process. After 60 days of composting, all
variants’ temperatures were near ambient and constant (Fig. 2b).

3.2. pH and electrical conductivity (EC)

The changes in pH and EC of the variants during composting and
vermicomposting are shown in Fig. 3. Vermicomposting and composting
showed significantly different trends in pH among the variants in each
time period (Fig. 3). The pH significantly (p < 0.001) decreased during
vermicomposting. For example, variant VC2 showed a significant
reduction in pH from 7.3 to 5.2 (Fig. 3a), most likely caused by the
transformation of organic phosphorus into orthophosphates, and the

all (a)

| —VCl —VC2
'-4“1 —V3 — VvC4

Tempreture(°C)

1T 11 21 M 4 58 & 7 8 9 1 I 2

Duration(days)
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conversion of biomass into organic acids as humic substances during
vermicomposting (Lazcano et al., 2008; Sharma and Garg, 2018; Suthar,
2010). During composting, the variants showed significant (p < 0.05)
differences in pH with the values decreasing up to 90 days and then
gradually increasing up to 120 days (Fig. 3b).

The highest pH value occurred in variant C1, which increased from
an initial value of 6.9-8.6 during composting. According to Gigliotti
et al. (2012), microorganisms break down organic nitrogen-containing
compounds such as proteins to ammonia (NH3). Ammonia is alkaline
and elevates the pH of the compost. The final pH value of the compost
was significantly higher than that of vermicompost. Several researchers
have reported similar pH changes during the composting and vermi-
composting of SS, crop straw, municipal solid waste, and livestock
manure (Li et al., 2012; Singh and Suthar, 2012; Wang et al., 2014).
According to Singh and Suthar (2012), the pH differences among vari-
ants could indicate the degree of organic material mineralization.

The EC increased significantly during vermicomposting and com-
posting (p < 0.001); however, the final EC of the vermicompost (Fig. 3¢)
was significantly higher than that of compost (Fig. 3d). The variant with
the highest C/N ratio (38:1) exhibited the highest EC value during
vermicomposting. The production of inorganic ions and dissolved sub-
stances such as phosphate, ammonium, and nitrate could have
contributed to the increase in EC in vermicompost (Lazcano et al., 2008;
He et al., 2016; Negi and Suthar, 2018), and this occurrence indicated
that vermicomposting might increase the mineralization of organic
matter by transforming insoluble materials to soluble materials. At the
end of composting, the values of EC ranged from 0.68 to 2.14 mS/cm,
while for vermicomposting the values varied from 2.10 to 2.28 mS/cm.
Thus, in both vermicompost and compost, all variants’ EC values were
within the recommended limit (4 mS/cm) (Li et al., 2012).

3.3. Total carbon(TC), total nitrogen(TN) and C/N ratio

The TC, TN, and C/N values changed significantly (p < 0.001) over
the period of vermicomposting and composting (Fig. 4). Compared to
the initial level, the TC decreased in all variants during vermicomposting
(Fig. 4a) and composting (Fig. 4b), and the final TC in vermicompost
was lower than that of compost in all variants.

The TC in vermicompost, VC1, VC2, VC3, and VC4, over the period of
120 days was 27.6%, 22.6%, 18.5%, and 16%, respectively. In compost,
C1, C2, C3, and C4, the TC was 24.2%, 17.5%, 17.7%, and 11.9%,
respectively. The most significant reduction in TC was recorded in the
variant VC1 with a 6:1 C/N ratio during vermicomposting, followed by
variant VC2 with an 18:1 C/N ratio. Microbial respiration and earth-
worm activity during vermicomposting reduce TC (Garg et al., 2006;
Hanc et al., 2017). Rini et al. (2020) found a decrease in TC during
vermicomposting of solid livestock wastes with earthworms of the spe-
cies Perionyx excavatus and Eudrilus eugeniae for two cycles, 45 days and
90 days. Esmaeili et al. (2020) also showed a decrease in TC during
vermicomposting pistachio waste mixed with cow dung in various ratios

7o " (b)
i —c1—c2
50 —C3 —C4

\
|
L\

\
A4
/ L\:'
V\—— e
200

1 11 21 21 41 51 81 71 81 9

Duration({days)

101 111 121

Fig. 2. Temperature variations during (a) vermicomposting and (b) composting.
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differences among the variants (p < 0.05) in each time period.

for 45 days using Eisenia fetida. Microbes use carbon to produce energy
for metabolism (Esmaeili et al., 2020; Ravindran et al., 2015; Arumugam
et al., 2018). The observed reduction in TC revealed that organic com-
pounds were being bio-degraded and mineralized as a result of microbial
activity in the variants, resulting in the release of carbon dioxide
(Khatua et al., 2018; Yang et al., 2017).

TN increased in all variants during vermicomposting (Fig. 4c) and
composting (Fig. 4d) from the initial values, except in the variant VC1
with a 6:1 C/N ratio. However, the final TN in vermicompost was lower
than in compost in all variants. In the final (120 days) vermicompost, the
increase in TN in variants VC2, VC3, and VC4 reached 31.5%, 52.5%,
and 65.6%, respectively, while in C2, C3, and C4 it reached 43.4%,



B. Dume et al.

59.4%, and 66.1%, respectively. The reduction in TN was 68% in VC1
and 30.7% in C1 after 120 days. Pigatin et al. (2016) found that by using
E. foetida for vermicomposting, the TN in agricultural residues increased
from 19.5% to 152% in 60 days. Dume et al. (2022) reported that ver-
micomposting hydrolysed chicken feather residue for 120 days using
Eisenia andrei earthworms increased TN content by 42.3-56.86%,
compared to 56.4-61.4% during composting (without earthworms).
Kaushik and Garg (2004) also reported that 11 weeks of vermi-
composting using E. foetida with sludge from textile mills mixed with
cow dung and agricultural waste increased nitrogen levels 2-3 times
over the initial feedstocks. Sudkolai and Nourbakhsh (2017) found that
after 60 days of vermicomposting with E. foetida, wheat residue vermi-
compost had 3.2 times the TN content of the initial feedstocks. The in-
crease in TN levels in vermicompost is most likely due to the addition of
organic carbon from CO; and nitrogen from earthworms’ nitrogenous
excretory substances in the form of mucus and growth-stimulating
hormones.

The C/N ratio decreased during vermicomposting (Fig. 4e) and
composting (Fig. 4f). The reduction in C/N ratio in vermicompost, VC2,
VC3, and VC4, reached 81%, 148.9%, 238.3%, respectively, and in
compost, C2, C3, C4, 107.2%, 190.4%, and 227.9%, respectively.
Because it reflected the rates of stabilization and mineralization, the C/N
ratio indicated vermicompost maturity (Arumugam et al., 2018; Sri-
vastava et al., 2020; Soobhany et al., 2015). Over time, the decrease in
the C/N ratio was correlated with enhanced nitrogen content and
organic matter degradation (Devi and Khwairakpam, 2020a). Previous
research by Karmegam et al. (2019) and Biruntha et al. (2020) sup-
ported these findings, reporting up to a 50.9% and a 48.8% reduction in
the C/N ratio during vermicomposting of cow dung and cow dung with
vegetable waste, respectively. Zhi-wei et al. (2019) reported that feeding
rice straw and kitchen waste to Eisenia fetida for 45 days decreased the
C/N ratio by 58.55-71.96%. Boruah et al. (2019) also found the C/N
ratio was reduced by 91.10% during the vermicomposting of citronella
bagasse and paper mill sludge by E. fetida for 45 days. The final C/N
ratios recorded for all the variants were within the recommended value
(<20) for soil applications (Esmaeili et al., 2020).
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3.4. Mineral Nitrogen (N-NO3 and N-NH3)

Fig. 5 shows the content of nitrate nitrogen (N-NO3) and ammonium
nitrogen (N-NHZ). The N-NO3 content during vermicomposting (Fig. 5a)
and composting (Fig. 5b) increased in all variants. The final N-NO3
content with respect to the initial value, in vermicompost showed an
overall increase of 99.96% (VC1), 99.89% (VC2), 99.80% (VC3), and
99.70% (VC4); in compost, the increase was 98.96% (C1), 97.15% (C2),
91.3% (C3), and 98.97% (C4). The final N-NHZ content in vermicompost
decreased in VC1 and VC2, but increased in VC3 and VC4 (Fig. 5¢). In
compost, the final N-NHJ content increased by 70.4% (C1), 67.2% (C2),
72.4% (C3), and 15% (C4) (Fig. 5d). The increase in N-NO3 levels during
vermicomposting was consistent with the findings of Hait and Tare
(2012), who showed a decrease in N-NHj and an increase in N-NO3
during SS vermicomposting versus composting. During the nitrification
process, a significant proportion of N-NHj can be transformed into
N-NO3, and a portion of N-NHj can also be vaporised as NHs.

There is also the potential for nitrogen loss due to N-NO3 being
converted into N during denitrification (Van Vliet et al., 2004). Tog-
netti et al. (2007) claimed that the decline of N-NHZ implied compost
maturity, and Wu et al. (2017) also reported a similar trend of N-NHZ
and N-NOj changes that occurred during the composting of pig manure.
N-NHj was reduced during the decomposition of organic matter due to
nitrogen fixation, ammonia volatilization, and immobilisation by mi-
crobes (Raj and Antil, 2011; Van Vliet et al., 2004; Awasthi et al., 2016).
The reduction of NHZ in vermicompost indicated maturity of the final
vermicompost product.

3.5. Total and available contents of K, Mg and P macronutrients

The total content of K, Mg and P was significantly (p < 0.001)
increased during vermicomposting and composting (Fig. 6). The final
total K level increased significantly among the variants, with an overall
increase of 56%, 57%, 63%, and 73% in vermicompost for VC1, VC2,
VC3, and VC4, respectively (Fig. 6a) and 18%, 34%, 49%, and 56% in
compost for C1, C2, C3, and C4, respectively (Fig. 6b). The percentage of

| Felinferynfe] [t (b) 7000
6000

N-NOjy p<0.05

5000
4000
a 3000

b b 2000
1000

0

BoalcOacBc (d) 7 4500
a a a 4000
3500
p <0.001 - 3000
L ¢ 2500
b 2000
1500
b 1000
500

N-NH,"

0 30 60 90 120

Duration(days)

Fig. 5. Mineral nitrogen (N-NO3 and N-NHY) in variants during vermicomposting and composting. Bars indicate the standard error of the mean (n = 3). Different
letters indicate significant differences among the variants (p < 0.05) in each time period.
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Fig. 6. Total K, Mg, and P macronutrients in variants during vermicomposting and composting. Bars indicate the standard error of the mean (n = 3). Different letters

indicate significant differences among the variants (p < 0.05) in each time period.

total K in vermicompost was 37-88% higher than in compost. Total Mg
significantly increased with overall changes of 23%, 30%, 39%, and 53%
in vermicompost (Fig. 6¢) for VC1, VC2, VC3, and VC4, respectively, and
26%, 35%, 37%, and 47% in compost (Fig. 6d) for C1, C2, C3, and C4,
respectively. However, vermicompost showed significant increases of
total Mg in the variants with 28:1 and 38:1 C/N ratios by 4% and 12%
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over compost. The total P increased significantly with overall increases
of 31%, 42%, 41%, and 56% for VC1, VC2, VC3, and VC4, respectively
(Fig. 6e), and 43%, 48%, 51%, and 59% in compost C1, C2, C3, and C4,
respectively (Fig. 6f).

The concentration of plant-available K, Mg, and P increased during
vermicomposting and composting (Fig. 7), with significant (p < 0.001)
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Fig. 7. Available K, Mg, and P macronutrients in variants during vermicomposting and composting. Bars indicate standard error of the mean (n = 3). Different letters

indicate significant differences among the variants (p < 0.05) in each time period.
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differences during vermicomposting. The available K in vermicompost
increased significantly among the variants, with overall increases of
68%, 66%, 63%, and 62% in VC1, VC2, VC3, and VC4, respectively
(Figs. 7a), and9%, 45%, 28%, and 42% in compost for C1, C2, C3, and
C4, respectively (Fig. 7b); the percentage of available K in vermicompost
increased by 53-183% over compost.

The overall increase in available Mg in vermicompost was 78%, 71%,
70%, and 56% for VC1, VC2, VC3, and VC4, respectively (Figs. 7c), and
3%, 54%, 23%, and 32% in compost for C1, C2, C3, and C4, respectively
(Fig. 7d), and the percentage of available Mg in vermicompost over
compost increased from 54% to 453%. Available P rose sharply among
the variants overall increases of 60%, 60%, 73%, and 81% in vermi-
compost for VC1, VC2, VC3, and VC4, respectively (Fig. 7e), and 74%,
73%, 74%, and 66% in compost for C1, C2, C3, and C4, respectively
(Fig. 7f). Vermicompost with 38:1 C/N showed a significant increase of
79% in available P over compost.

The changes in K, Mg, and P were probably due to the high mass loss
under vermicomposting. There was no additional nutrient input unless
the worms died and decomposed during vermicomposting. An increase
in these macronutrients has been linked to decrease in weight and
organic matter (Wani and Rao, 2013). The increase in potassium might
be related to acid production by microbes, which causes the solubili-
zation of organically bound potassium (Garg et al., 2006), and also an
earthworm’s intestine may aid in the release of K in vermicompost
(Khatua et al., 2018; Pramanik et al., 2007). These influences could have
resulted in an overall rise in total K in the variants. An earthworm’s gut
can increase the release of potassium in vermicompost (Pramanik et al.,
2007; Khatua et al., 2018). These influences could all have contributed
to the variants’ overall potassium rise over time. The existence of
phosphatase in earthworm intestine that enhance P release in various
forms and phosphorus-solubilizing microbes in their casts may explain
the rise in phosphorus, (Deka et al., 2011). The mineralization and
mobilization of organic matter by earthworms, and the combined effect
of microorganisms and phosphate excretion may also have increased P
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content (Yadav and Garg, 2019). The reduction in pH could also have
enhanced the solubilization of phosphorous and the release of organi-
cally bound phosphate, thus increasing its concentration in the final
product (Devi and Khwairakpam, 2020a; b). Ghosh et al. (2018) found
phytase enzymes that enhance phosphorus mineralization.

3.6. Availability of micronutrients, B, Cu, Fe, Mn, and Zn

Fig. 8 depicts the available B, Cu, Fe, Mn, and Zn contents during
vermicomposting and composting. The availability of these nutrients
increased significantly (p < 0.001) in all vermicomposting and com-
posting variants compared to initial concentrations. The B content in
vermicompost increased significantly among the variants, with overall
increases of 80%, 78%, 82%, and 82% in vermicompost for VC1, VC2,
VC3, and VC4, respectively (Fig. 8a), and 21%, 67%, 60%, and 65% in
compost for C1, C2, C3, and C4, respectively (Fig. 8b), and the available
B in vermicompost increased significantly from 48% to 303% over
compost. The content of available Cu in vermicompost increased
significantly from 2.5% to 82% over compost (Fig. 8c). The available Fe
was significantly elevated in vermicompost with overall increases of 8%,
25%, 48%, and 66% for VC1, VC2, VC3, and VC4, respectively (Fig. 8e),
and 55%, 59%, 49%, and 75% in compost for C1, C2, C3, and C4,
respectively (Fig. 8f). The lower Fe contents found in vermicompost over
compost may be due to the bioaccumulation of Fe in earthworm tissues
(Suthar and Gairola, 2014). The final results of available Mn in compost
showed an overall increase of 41%, 39%, and 49% for C2, C3, and C4,
respectively (Fig. 8h), and a 56% decrease in C1, whereas in vermi-
compost, Mn decreased by 3%, 7%, 11%, and 27% in VC1, VC2, VC3,
and VC4, respectively (Fig. 8g). Available Zn increased significantly
among the variants with overall increases of 47%, 78%, 78%, and 81%
for C1, C2, C3, and C4, respectively (Fig. 8j), and 60%, 68%, 72%, and
79% in vermicompost for VC1, VC2, VC3, and VC4, respectively
(Fig. 8i).

The increases in these nutrients are caused by the earthworm’s
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Fig. 9. Number (a) and weight (b) of earthworms and number of cocoons (c¢) during vermicomposting. Bars indicate standard error of the mean (n = 3). Different
letters indicate significant differences among the variants (p < 0.05) in each time period.
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Fig. 8. Available B, Cu, Fe, Mn, Zn micronutrients in variants during vermicomposting and composting. Bars indicate standard error of the mean (n = 3). Different
letters indicate significant differences among the variants (p < 0.05) in each time period.

catabolic activity on carbonic anhydrase in the calciferous gland and the
accumulation of Zn in their tissues during vermicomposting (Gupta and
Garg, 2008; Manyuchi and Phiri, 2013; El-Haddad et al., 2014). Our
results are consistent with those of Gupta and Garg (2008), who found
higher concentrations of micronutrients in sewage sludge vermicom-
post, and the increase in available micronutrient concentrations could
be attributed to the progressive mineralization of organic matter and
loss through respiration during the composting process (Amir et al.,
2005; Lv et al., 2016). Our increases in B, Cu, Fe, Mn, and Zn followed
the same pattern as those of Pattnaik and Reddy (2010) and Dortzbach
(2010) reported that pig manure strongly enhanced Mn, Cu, and Zn
concentrations.

3.7. Growth and reproduction of earthworms (E. andrei)

Fig. 9 depicts the number and weight of earthworms and the number
of cocoons. The average initial earthworm weight and number were
0.2 g/piece and 125 pieces per kg of substrate.

The initial weight of earthworms was 25 g per kg of substrate.
Earthworm production was very low during the first 30 days in the
variants with 6:1 and 18:1 C/N ratios relative to the variants with 28:1
and 38:1 C/N ratios. The maximum number (Fig. 9a), 165 pieces/kg,

and weight (Fig. 9b), 39 g/kg, were recorded in the variant with an
18:1 C/N ratio after 60 days of vermicomposting, while the lowest
number, 21pieces/kg, occurred in the 6:1 C/N variant after 30 days of
vermicomposting (Fig. 9¢). Cocoon production was very low during the
first 30 days except in the 38:1 C/N group. After 120 days, the 38:1 C/N
variant had the highest number of cocoons (150 pieces/kg), while the
variant with a 28:1 C/N ratio had the lowest (15 pieces/kg). Cocoon
production fluctuated during the vermicomposting period. The cocoon
production rate was initially low, but increased with vermicomposting
time. The C/N ratio, a vital determinant of earthworm production, could
explain differences in cocoon production among the variants. A high C/
N ratio promotes growth and reproduction by providing earthworms
with greater amounts of organic matter (Gupta et al., 2007).

4. Conclusions

This research highlights the crucial role of carbon-to-nitrogen (C/N)
ratios and the composting and vermicomposting processes in deter-
mining the characteristics of the final products. Our findings show that
both composting and vermicomposting were feasible at a range of C/N
ratios, although variations were observed in the final product quality.
However, a comparison between the two end-products derived from the
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same initial materials (sewage sludge and pelletized wheat straw)
revealed that vermicomposting led to increased electrical conductivity
(EQ), 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 decreases
in pH, total carbon (TC) and total nitrogen (TN), available iron (Fe),
manganese (Mn), zinc (Zn), and ammonium (NHZ). The highest number
of earthworms was recorded in the variant with an 18:1 C/N ratio after
60 days of vermicomposting, while the lowest number was observed in
the variant with a 6:1 C/N ratio after 30 days of vermicomposting. The
agrochemical characteristics of the 18:1 C/N ratio vermicompost
significantly outperformed those of compost; therefore, vermicompost-
ing demonstrated superior agrochemical properties compared to com-
posting. This study confirmed that vermicomposting sewage sludge
mixed with pelletized wheat straw at an 18:1 C/N ratio yielded the best
results, likely due to improved and favourable agrochemical properties.
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