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ABSTRACT

Environmental contamination by petroleum hydrocarbons
originating from industrial organic waste can lead to
bioaccumulation within ecosystems. The Corner Brook
Pulp and Paper Limited produces approximately 150
Mg/day of pulp and paper mill sludge (PPMS)
contaminated with heavy oil, thereby limiting its safe
disposal. Therefore, this study aimed to determine how the
stocking density of the earthworm FEisenia fetida influences
the degradation of petroleum hydrocarbons in contaminated
PPMS and, in turn, how hydrocarbon contamination affects
earthworm population dynamics during vermicomposting.
Three stocking densities of E. fetida (1.5-low,
2.7-medium, and 4-high) per kg of PPMS were maintained
in PPMS having an initial petroleum hydrocarbon content
of 886 +11 mg/kg. Overall, hydrocarbon degradation was
highest in the medium-density (36.6%), followed by low
(35.9%) and high (32.4%) densities. Among the
hydrocarbon fractions, >C16-C21 showed the highest
degradation in the low-density (67.2%), whereas >C21—
C32 hydrocarbons were most effectively degraded in the
medium-density (28.4%). The C6—C10 fraction remained
unchanged in the low-density E. fetida but decreased by
approximately 50% in the medium- and high-density.
Higher initial stocking density also resulted in increased E.
fetida mortality. These findings highlight the importance of
selecting an appropriate initial stocking density of E. fetida
for effective degradation of petroleum hydrocarbons during
vermicomposting of PPMS.
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RESUME

La contamination environnementale par les hydrocarbures
pétroliers provenant des déchets organiques pollués des
industries peut entralner une bioaccumulation dans les
écosystemes. L'usine de pate a papier Corner Brook produit
environ 150 Mg/jour de boues de pate a papier (PPMS)
contaminées par des hydrocarbures lourds, ce qui limite leur
¢limination sans danger. Cette étude visait a déterminer
l'influence de la densité de population de vers de terre sur les
taux de dégradation de divers hydrocarbures dans les PPMS
contaminées et, par conséquent, l'effet des hydrocarbures sur la
dynamique des populations lors du processus de
lombricompostage. Trois densités de population différentes
(1,5 - faible; 2,7 - moyenne et 4 - élevée) d'Eisenia fetida par
kg de PPMS ont été maintenues dans des PPMS présentant une
teneur initiale en hydrocarbures pétroliers de 886 + 11 mg/kg.
Les taux de dégradation obtenus étaient moyens (36,6 %),
faibles (35,9 %) et élevés (32,4 %). Parmi les fractions, les
hydrocarbures >C16-C21 ont présenté les taux de dégradation
les plus élevés a faible densité (67,2 %), tandis que les
hydrocarbures >C21-C32 se sont dégradés le plus a densité
moyenne (28,4 %). La réduction des hydrocarbures C6—-C10
est restée inchangée a faible densité, mais a été divisée par deux
aux densités moyenne et élevée. Une densité initiale élevée a
entrainé une mortalité plus importante. Cette étude souligne
I'importance de choisir une densité initiale appropriée d'Eisenia
fetida pour une dégradation efficace des hydrocarbures
pétroliers dans les boues de de pate a papier.

MOTS CLES

Eisenia fetida, boues de pate a papier, hydrocarbures
pétroliers totaux, vermicompost, bioremédiation.
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INTRODUCTION

Contamination of soil with petroleum hydrocarbons is a
widespread concern worldwide. Direct application of
contaminated organic waste materials, along with heavy oil
hydrocarbons, to soil slows the degradation of contaminants
through natural attenuation, and the remaining weathered
particles in soil become recalcitrant, rendering the land
unusable for cultivation. According to Khan et al. (2018),
weathering  naturally reduces volatile petroleum
hydrocarbons (PH), however, larger polyaromatic and
complex recalcitrant hydrocarbons remain in the soil,
requiring alternative degradation methods. The variable
composition of contaminated heavy oils influences the
removal rate, thereby complicating remediation in soil
ecosystems. Polycyclic aromatic hydrocarbons (PAHs) are
the abundant pollutants that enter the atmosphere through
accidental petroleum leakage and the incomplete
combustion of fossil fuels (Chen et al. 2013; Muckian et al.
2009). Additionally, increased industrialization contributes
to contamination from anthropogenic hydrocarbon sources
(Brassington et al. 2007). Therefore, effective remediation
techniques are urgently needed at PAH-contaminated sites,
as their higher molecular weights contribute to persistence
and pose significant risks to both the environment and
human health (Chen et al. 2020). In general, aeration and
vapour extraction techniques are employed to remove low-
molecular-weight aromatics and short-chain alkenes and
alkanes (Khan et al. 2018) through volatilization and
microbial bioremediation. However, heavier hydrocarbons
(>21) are non-volatile and exhibit low water solubility,
necessitating more advanced remediation approaches. Their
removal typically requires high-temperature thermal
desorption, excavation and ex-situ treatment, or disposal in
landfills (Patel et al. 2020; Zeb et al. 2020; Kariyawasam et
al. 2022). Bio-piles, bioventing, and land farming are
widely recognized as bioremediation strategies (Khan et al.,
2018) that primarily rely on microbial activity to degrade
hydrocarbons. However, these approaches often require
extended treatment periods, substantial energy input, and
space and may be less effective for soil contaminated with
heavy oil. In this context, incorporation of earthworms into
organic waste systems represents a promising strategy that
warrants further investigations, as it may enhance total PHs
reduction over time. Moreover, the resulting vermicompost
could improve soil quality and support sustainable crop
cultivation.

Vermicomposting is a widely adopted technology in
many temperate countries for the efficient decomposition of
organic waste generated from households, agriculture, and
industrial activities. This simple biotechnological process
employs epigenetic earthworms, which convert nontoxic
organic waste into useful nutrient-rich vermicompost
biofertilizer. Vermicomposting studies employing a wide
range of organic substrates including fruits and vegetable
wastes (Hazarika and Khwairakpam 2018), sawdust
(Thyagarajan et al. 2010), food processing industrial wastes
(Liew et al. 2022), mixture of agricultural, municipal solid
waste incorporated with poultry waste (Shafique et al.
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2023), mixture of leaf litter and cow manure (Ponmani et al.
2014), mixture of pig wastes, water hyacinth and cow
manure (Natarajan and Gajendran 2014) have demonstrated
effective decomposition process by maintaining substrate
palatability for earthworms throughout the
vermicomposting process. Partially decomposed organic
waste is more palatable to earthworms, a result of the
aerobic microbial pre-composting process. Mohapatra et al.
(2019) reported that vermicomposting can be completed
within 1-2.5 months when earthworms are fed soft organic
materials such as plant leaves, soft weeds, and aquatic
plants. In contrast, the process may extend to 3 to 4.5
months when substrates derived from cereal crops are used,
as vermicomposting is much slower with dried plant leaves
(Jakubus and Michalak 2022). Overall, the efficiency of the
bioconversion process depends on several factors, including
pH, moisture content, temperature, substrate composition,
aeration, earthworm population density, and species type.
Under optimal conditions, good-quality biofertilizer can be
produced within 60-90 days (Lim et al. 2016). The initial
earthworm population density in vermibeds significantly
influences the duration of the vermicomposting process.
Excessively high stocking densities may lead to competition
for substrate and limited space within confined systems,
potentially affecting survival and efficiency (Mohapatra et
al. 2019; Jakubus and Michalak 2022). Conversely,
increasing earthworm density up to an optimal level has
been shown to shorten the vermicomposting period and
enhance nutrient enrichment, including total nitrogen (N),
phosphorus (P), potassium (K), sodium (Na), and calcium
(Ca). (Mohapatra et al. 2019).

Moreover, the feeding and burrowing activities of
earthworms significantly influence soil chemistry,
structure, and biological activity (Di-Carlo et al. 2020). In
addition, earthworms enhance topsoil formation, improve
soil fertility, and promote nutrient cycling, while their
biomass serves as a valuable feed source for vertebrate and
invertebrate predators (Boyer and Wratten 2010; Potapov et
al. 2022). Asensio et al. (2013) employed earthworms as a
bioindicator of soil quality and health, noting that exposure
to low-viscosity oils caused toxicity in the worms, thereby
reflecting the potential survivability of other soil organisms.
Researchers have found that earthworms enhance microbial
and enzymatic activity in the soil, thereby improving the
removal of contaminants such as anthracene,
benzo(a)pyrene, pentachlorophenol, and phenanthrene from
polluted soil (Kariyawasam et al. 2022; Zeb et al. 2020). A
study using 15,000 mg/kg PHs in combination with local
earthworm species and organic wastes demonstrated
enhanced soil microbial respiration and accelerated PHs
degradation under tropical conditions (Okpashi et al. 2015).
To establish the viability of vermiremediation, it is essential
to test several variables, including earthworm species,
initial biomass, population density, development stages, and
substrate type, to maintain optimal population dynamics
and ensure successful vermicomposting (Carril et al. 2024).
Martinkosky et al. (2017) reported survival rates of 90%,
80%, and 20% for Eisenia fetida when exposed to <C21
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hydrocarbons at concentrations of 1%, 1.5%, and 2%,
respectively. In contrast, survival rates in soil contaminated
with higher hydrocarbons (>C21) were 100%, 50%, and
10% at oil concentrations of 1.5%, 5% and 10%,
respectively. These results indicate that the survival of F.
fetida can serve as a great bioindicator of oil contamination,
with lower-viscosity hydrocarbons exhibiting greater
toxicity, while higher-viscosity hydrocarbons are
comparatively less harmful to E. fetida. Additionally,
Martinkosky et al. (2017) reported that the hatching
percentage of E. fetida decreased when soil contained more
than 2% of oil. Furthermore, lower-molecular-weight
hydrocarbons (<C21) degraded faster than heavier fractions
(>C21).

Pulp and paper mill sludge (PPMS) generated from
Corner Brook Pulp and Paper Limited (CBPPL) has been
contaminated predominantly by >C21 hydrocarbons, which
originated from machinery oil and have been randomly
mixed into PPMS. Therefore, the study aimed to determine
the threshold level of PH contamination that would not
inhibit E. fetida performance and the vermicomposting
process in PPMS. The investigation further evaluated
different stocking densities of E. fetida stocking densities
and monitored hydrocarbon degradation throughout the
vermicomposting process. In addition, the effects of
hydrocarbon contamination on the population dynamics of
E. fetida were also examined.

MATERIALS AND METHODS

The CBPPL in Newfoundland and Labrador (NL), Canada,
currently operates a thermomechanical pulping process to
produce newsprint grades and standard newsprint. The
paper mill produces over 700 Mg (megagrams) of newsprint
daily and generates approximately 150 Mg of PPMS as a
by-product. At present, the PPMS is incinerated in boilers
using a blend of hog fuel (bark and other woody residues)
and waste oil, with the resulting steam utilized in the
papermaking process. Investigations of PPMS samples
revealed contamination from machinery oil, as high-
viscosity oil (>21 C) used in pulping and paper production
leaked at a rate of 2.3 L/Mg of PPMS. Notably, PPMS
contains approximately 85% organic matter (OM) content,
highlighting its potential for conversion into value-added
products and suggesting a secondary revenue stream for
CBPPL. The high OM and MC content of PPMS has
prompted researchers to explore alternative applications for
this organic waste (Mohapatra et al. 2018; Kumar and
Verma 2024). Accordingly, the present experiment was
conducted under controlled conditions at Grenfell Campus,
Memorial University of Newfoundland, between December
2022 and February 2023, with mean daytime and nighttime
temperatures of 23.8 + 2°C and 20.1 + 3°C, respectively.
Pulp and paper mill sludge collection and
characterization

The PPMS was collected from the CBPPL located in Corner
Brook, NL, Canada. The PPMS at CBPPL consists of a
mixture of primary sludge, secondary sludge, small
amounts of fly-ash scrubber water, and small amounts of
greywater from on-site water use. Primary sludge, obtained

Volume 66 2024

from the primary clarifier as the first step of the wastewater
treatment process, is rich in fibrous and organic material. It
comprises a blend of coarse and fine woody fibres obtained
through sedimentation and floatation during primary
clarification (Faubert et al. 2016). Secondary sludge, also
known as waste, activated sludge, originates from the
secondary clarifier and consists of microbial biomass and
its metabolic residues generated during the biological
treatment process.

Experimental Design

Seventy-two-kilograms of PPMS were air-dried and
thoroughly mixed. Nine plastic vermicompost bins (32 L;
diameter 0.3 m, depth 0.5 m) with holes on all sides to
facilitate aeration were used, with 5.5 kg of air-dried PPMS
added to each vermibin. The vermibins were subjected to
an initial two-week aerobic pre-decomposing period,
during which moisture content (MC) was maintained at
approximately 80-85%. The PPMS in each vermibin was
mixed once per week, and after two turnings, vermibins
were arranged in a completely randomized design with
three treatments and three replicates. Each vermibin was
individually covered to protect the E. fetida from light and
predators (Kumar et al. 2021). Throughout the experiment,
MC was consistently maintained at 70.3 + 4.2%.

Introduction of Eisenia fetida

Adult E. fetida, purchased from J & C SOD Farm
(47.34431°N, 52.81099°W), St. John’s, NL and stocked in
vegetable mixture and soil prior to their introduction into
the vermibins. Treatments were conducted at three different
stocking densities: TL (low — 8 E. fetida), TM (medium —
15 E. fetida), and TH (high — 22 E. fetida). The initial
biomass at different E. fetida stocking densities was 0.8 +
0.23 g, 11.2+0.42 g, and 16.5 + 0.24 g, for a total biomass
of 5.5 kg air-dried PPMS. Repeated sampling was
conducted on days 30, 60, and 90 using a manual method
to count adult E. fetida and the total number of cocoons
produced, with minimal disturbance to the vermibeds.
These measurements were used to estimate growth rate,
biomass gain, and reproductive output of the adult E. fetida
(Yimer et al. 2024).

Moisture content (MC) Oven dry method was followed to
measure the moisture content at 105°C for 24 h (Filipovic¢
et al. 2023).

Organic matter (OM) content via loss on ignition As
indicated by Filipovi¢ et al. (2023), volatile solid content
was determined by loss ignition method in dry mass basis
at 550°C for 2 h. The total organic carbon content was
calculated from volatile solids.

pH and Electrical Conductivity (EC) Electrical
conductivity (EC) and pH were measured at a ratio 1:10
(w/v) as described by Katakula et al. (2021).

Total oil characterization and degradation test of total
petroleum hydrocarbon (TPH)

The CBPPL machinery used for pulping and paper
manufacturing was fusing high-viscosity (>21 C) oil, and
the oil leaking from this machinery was known to
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contaminate PPMS. Lubricants and oils such as Tellus S2
MX 46, paper machine oil (53 M 220), CORENA 52 P 100,
Tellus S2 MX 100 and OMALA S2 GX 150C are being
used in CBPPL. Therefore, both the initial (day 01) and final
(day 60) oil content in the PPMS and composted PPMS
were analyzed using a ST 243 Soxtec™ solvent extraction
system at the Soil Laboratory, Grenfell Campus, and the
TPH profiles were determined at the AGAT Laboratory,
NE, Calgary, Alberta.

Oil extraction and measurement using ST 243 Soxtec™
solvent extraction system

Samples, taken weekly, were extracted using the Soxtec™
243 Extraction System (FOSS, Hilleroed, Denmark) with
hexane to determine the oil concentration. Boiling was
performed at 130°C for 30 min, followed by rinsing for 40
min and solvent recovery for 15 min. Once cool, the
thimbles and extraction cups were removed, the remaining
hexane was allowed to evaporate at room temperature in a
fume hood, and the weights were recorded.

Cumulative oil redcution rate (%)
=% 100% (1)
where the / — initial oil content (day 1), F — final oil content

(weekly sample collection)

Fecundity and growth of Eisenia fetida The growth and
fecundity parameters of the earthworms included mostly
worm reproduction rate, worm biomass gain per unit waste
and the growth rate. The following Equations 2—4 were used
to calculate the growth and reproductive performance of E.
fetida (Garg and Gupta 2011).

The growth rate of Eisenia fetida was calculated by:

__ (B2-B1)
Growth rate = Tx) 2)

where, B/ = initial biomass of E. fetida (mg); B2 =
maximum biomass obtained by E. fetida (mg); T = time
(number of days); n = number of E. fetida inoculated

The worm reproduction rate was calculated by:

Worm reproduction rate (R) = g 3)

Where, the C = total number of cocoons produced; £ = total
number of E. fetida used in this study.

Biomass gain per unit feed mixture (mg/g) was calculated

by:

Biomass gain per unit feed mixture = % 4
where, the B/ = initial biomass of E. fetida (mg); B2 =
maximum biomass obtained by E. fetida (mg); W = total
quantity of PPMS taken (g).

Data analysis The collected data were analyzed using
Analysis of Variance (ANOVA) in Minitab (Version 22)
according to the experimental design. Treatment-mean
comparisons were performed using Fisher’s protected Least
Significant Difference (LSD) test at a 5% significance level.
Differences among PPMS and vermicompost treatments
(TL, TM and TH) at day 60 were evaluated, and graphical
visualizations were generated using SigmaPlot (Version
15).

RESULTS and DISCUSSION

pH and electrical conductivity The initial pH of PPMS at
the time of E. fetida introduction was 7.34 + 0.02, which
was consistent across all treatments and replicates. By day
60, the pH of vermicompost in the TL, TM, and TH
treatments was 7.12 + 0.02, 7.05 + 0.01, and 7.10 £+ 0.02,
respectively. By day 90, these values further declined to
6.84 + 0.03, 6.92 + 0.02, and 6.98 + 0.04, respectively.
However, no significant differences in the pH of the
vermicompost were observed among treatments (p > 0.05).
The activities of E. fetida and microbes during
vermicomposting produced CO: and organic acids,
contributing to the gradual decrease in pH (Lohri et al.
2017). The initial fluctuations in pH were attributed to the
breakdown of organic materials and the subsequent
formation of basic hydroxides (Singh et al. 2005).

The initial EC of PPMS was measured at 0.53 + 0.00
dS/m. Over the course of 60 days, EC values increased

Table 1: Hydrocarbon fractions (mg/kg) in PPMS at day 1 (mean + SD, n =3) at p < 0.05.

PPMS CCME limits (mg/kg)
Hydrocarbons
mg/kg Agriculture Coarse Fine grain
Benzene 0.04 +0.01 0.05 30 210
Ethylbenzene 0.04 +0.01 0.08-010 0.08 0.10
Xylene (Total) 0.10+0.05 0.06-010 0.06 0.10
C6-C10 (less BTEX) 6.01 +£0.24 - 30 210
>C10-C16 Hydrocarbons 16.09 £ 1.23 - 150 150
>C16—C21 Hydrocarbons 175.12+7.89 - 150 150
>(C21-C32 Hydrocarbons 695.78 +21.45 - 300 300
Isobutylbenzene — EPH (%) 102.23 +7.45 - - -
Isobutylbenzene — VPH (%) 96.78 + 4.56 - - -
n-Dotriacontane — EPH (%) 231.56 +11.34 - - -
CCME limits for hydrocarbons, (2014)
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across all treatments, reaching 0.71 £ 0.01, 0.69 + 0.00 and
0.68 £ 0.00 dS/m in TL, TM and TH, respectively. By 90
days, the EC further increased to 0.76 + 0.02, 0.73 £+ 0.03,
and 0.73 £ 0.02 dS/m, respectively. This increase is likely
due to the release of mineral salts such as K, ammonium and
phosphate and loss of OM during the active
vermicomposting (Kaviraj and Sharma 2003). The
processes of mineralization and salt formation are highly
temperature-dependent and are most efficient within the
range of 15-35°C. There were no significant differences in
EC observed among the final vermicompost.

Reduction in organic matter content (OM) The initial
OM content of PPMS (75.5%) reduced by 4.2 + 1.2%, 5.8
+ 0.9%, and 7.2 + 1.2% in TL, TM and TH, respectively,
after 60 days and further reduced by 7.2 + 0.2%, 12.7 +
1.1%, and 10.7 + 1.1% by day 90. OM loss was higher in
TM compared with other treatments by the end of
harvesting. The results indicated that E. fetida caused a
favourable reduction in OM in TM. The results align with
Lim et al. (2016), who reported that OM loss was inversely
proportional to increasing PPMS concentration in
vermibeds. Microbial and E. fetida activities enhance the
oxidation of organic wastes, releasing CO», while a fraction
of the material is incorporated into E. fetida biomass (Viji
and Neelanarayanan, 2015; Kumar and Verma, 2024).
Despite these reductions, differences in OM loss among
treatments were not statistically significant.

Hydrocarbon fractions of PPMS (day 1) in Tier 1
analysis Table 1 explains that the level of benzene (B—0.04
mg/kg), toluene (T-0.04 mg/kg), ethylbenzene (E-0.04
mg/kg), and xylene (X—0.1 mg/kg) were much lower than
the reported lethal values (LC50) for E. fetida of (TEX)
583.6, 346.8 and 192.4 mg/kg in 24 h (Martinkosky et al.
2017). As shown in Table 1, all the initial values were
within the standard while >C21-C32 hydrocarbon (695
mg/kg) was higher than the recommended value for coarse
and fine agriculture soil types.

Changes in total oil content determined by solvent
(Hexane) extraction The solvent extraction method
(hexane) typically covers the Tier 1 PH and captures the
additional hydrocarbon types such as aliphatic (saturated)
and aromatic (unsaturated) hydrocarbons, specific
compounds of gasoline range of hydrocarbons such as
pentane, hexane and heptane, aromatic compounds like
benzene, toluene, ethylbenzene, xylene (BTEX),
naphthalene, and other specific polycyclic aromatic
hydrocarbons naphthalene, Phenanthrene, Anthracene and
Pyrene. The initial oil content in PPMS ranged from 1.79 to
1.89 £ 0.02% across different sampling points. Given these
levels, the survival of E. fetida was further evaluated.
Martinkosky et al. (2017) reported that high-viscous oils
exhibit lower toxicity, with E. fetida survival reaching up to
100% when the concentrations are at or below 1.5%. In the
present study, although the initial oil content slightly
exceeded 1.5%, the predominantly high-viscosity (>21)
hydrocarbons mitigated severe toxic effects. Nevertheless,
mild physiological disturbances were observed during the

Volume 66 2024

2.1

1.8

)
=
o
o
©
L
22
£S5 15
()]
§E
[
8.8 1.2 -
BTL
58 0.9 +
=
S .9
TW 06 —— TL
o > eeeDeoe TM
g"’ ——= TH
o 0.3 1
£ .
()
Q 0.0

0 14 28 42 56 70 84 98
Vermicomposting period (days)

Fig.1. Total oil content extracted by hexane during the
vermicomposting process of pulp and paper mill
sludge (PPMS) (mean = SD, n =3). (TL—lower,
TM—medium, and TH—high initial stocking
densities of Eisenia fetida). Means followed by the

different letters (a & b) are statistically different (p <
0.05).

early exposure period. The first 14 days represented a
critical acclimation phase, as the E. fetida were introduced
into a completely different substrate. During this period,
slight disruptions and minor lesions on the E. fetida tissues
were observed. Based on total oil content analysis, the mean
oil concentration was lower than the initial value on day 60
and day 90 and showed nonsignificant changes (p = 0.002)
among the treatments. However, the cumulative reduction
rate was significant among the treatments (Fig. 1), with the
highest on day 90 in TL (98.4 + 0.1%), followed by TM
(97.3 £0.1%) and TH (96.3 + 0.1%).

Hickman and Reid (2008) and Rodriguez-Campos et al.
(2014) demonstrated that the use of E. fetida in the
degradation process of hydrocarbons enhances the soil
aeration, microbial and enzymatic activities, removal of
phenanthrene, anthracene, benzo(a)pyrene and
pentachlorophenol. During consumption, the PPMS passes
through the gut of E. fetida (Lin et al. 2016; Patel et al. 2020;
Zeb et al. 2020; Kariyawasam et al. 2022). The surfactants
and enzymes are secreted into the content, and stimulated
mucus enhances particle grinding and microbial activity by
providing sugars (Rehman et al. 2023). A previous study by
Ekperusi and Aigbodion (2015) reported that TPH
contamination reduces pH; however, the buffering action of
organic molecules produced in the gut of E. fetida during
bioremediation increases pH. Based on the study by
Martinkosky et al. (2017), E. fetida facilitates the
degradation of heavy hydrocarbons, including polyaromatic
hydrocarbons, at a faster rate than microbial decomposition.
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Fig. 2. Changes of total petroleum hydrocarbon (TPH)
during the vermicomposting process of pulp
and paper mill sludge (PPMS) (mean + SD, n
=3). (TL—lower, TM—medium, and TH—high
initial stocking densities of Eisenia fetida). Means
followed by the different letters (a & b) are
statistically different (p <0.05).

Also, E. fetida was introduced into a completely different
environment; replacements of E. fetida were necessary to
maintain initial biomass during the first three months of the
vermicomposting period. Afterwards, E. fetida remains
healthy and able to reproduce.

Changes of total petroleum hydrocarbons (TPH) Tier 1
analysis Tier 1 analysis of petroleum hydrocarbons focuses
on the broad range of hydrocarbons presented in PPMS,
which include different alkanes, aromatics, polyaromatic
hydrocarbons, and cycloalkanes. It focuses on gasoline
range organics (C6—C10), diesel range organics (C10-C28)

and oil range organics (C28—C40). In Fig. 2, TPH in PPMS
showed a significant reduction from day 1 to day 60. The
TPH reduction rate ranged from 61.4 +2.7% to 66.6 £ 5.5%.
The highest TPH reduction was attained in TM (66.6 +
7.5%), followed by TL (64.7 £ 5.5%) and TH (61.01 +
2.7%). However, the treatments (TL, TM, and TH) showed
no significant differences, whereas the initial PPMS showed
significant differences (p = 0.011) with all treatments on
days 30, 60, and 90.

Hydrocarbons with C—chain length below 21 (<C21)
were degraded at a higher rate than those of C21 or greater.
The degradation of >C16—C21 hydrocarbons followed the
order of TL (67.2%) > TM (63.1%) > TH (61.9%). In
contrast, degradation of the heavier fraction (>C21-C32
Hydrocarbons) was highest in TM (28.4%), followed by TL
(26.6%) and TH (23.4%) (Fig. 3). However, the reduction
rate of >C10-C16 Hydrocarbons was similar across all
treatments and did not differ significantly from the initial
PPMS. Overall, TM and TL stocking densities showed a
remarkable change compared to TH, with higher mortality
within 14 days due to initial oil content ranging from 0.7 to
1.78%.

Eisenia fetida as a bio-indicator for monitoring
petroleum hydrocarbon contamination during the
vermicomposting process

The growth pattern of E. fetida serves as a reliable indicator
of substrate contamination. In the current study, the PPMS
was expected to contain a relatively low concentration of
PHs. The total content below 1.5% is generally considered
not to affect E. fetida survival, whereas concentrations of
2% or higher have been reported to exert noticeable adverse
effects (Martinkosky et al. 2017).

Growth rate of Eisenia fetida during bioremediation
process As shown in Fig.4A, the growth rate of E. fetida
increased from day 1 to day 60 and started decreasing
afterward. This decreasing trend was observed across all
treatments throughout the vermicomposting period.
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Fig. 3. Changes of (A): Isobutyl benzene (EPH); (B): Isobutyl benzene (VPH); (C): n-Dotriacontane (EPH) during
vermicomposting pulp and paper mill sludge (PPMS) (mean + SD, n =3). (TL—lower, TM—medium, and TH—
high initial stocking densities of Eisenia fetida). Means followed by the different letters (a & b) are statistically
different (p < 0.05).
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The results revealed that the growth rate of TL had a
significant difference with the other two treatments— TM
and TH on day 30 (p = 0.014), day 60 (p = 0.016) and day
90 (p =0.021). Total biomasses increased, and growth rates
were higher in the treatment TL than TM and TH. A faster
and more efficient conversion process was achieved in TL
as the quantity of the PPMS was lower, along with a lesser
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Fig.5. Representing increased cocoon production rate of
Eisenia fetida between 30 and 60 days of
vermicomposting period and its reduction
performance afterwards (mean + SD, n =3) (TL—
lower, TM—medium, and TH—high initial stocking
densities of FEisenia fetida). Means within the
response followed by the different letters (a, b, c) are
statistically different (p < 0.05).
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number of E. fetida (TL = 8 Nos.). The lower competition
in TL among the initial population facilitated the
achievement of the growth rate (Mohapatra et al. 2019). The
population of E. fetida, exceeding 20 per vermibins, did not
reach a growth rate over the time period. On the contrary,
they were much lower in achieving a growth rate. It was
observed that E. fetida from the TH vermibin came out and
died due to competition for substrate and space for crawling.
However, the growth rate of treatment TM doubled between
days 30 and 60, then began to fall. Therefore, the first active
cycle of vermicomposting was completed between 45 and
60 days, and the second cycle began after day 60.

Biomass gain of Eisenia fetida per unit feed mixture The
current study revealed that the biomass of adult E. fetida
increased substantially (Fig. 4B) in all the treatments
between 30 and 60 days. However, there were reductions in
the treatment TM and TH after 60 days. Meanwhile, the
increase was significant among the treatments (p = 0.011)
between 30 and 60. Initial biomass to final biomass ratio on
day 30 was 1: 2.47, 1: 1.35 and 1: 1.13 in the treatments of
TL, TM and TH, respectively. Biomass gain in adult E.
fetida increased by 4.12, 2.25 and 1.88 folds on day 60
while it was 5.62, 1.27, and 1.01 folds on day 90 along with
the treatments of TL, TM and TH.

Figure 4C evidenced that the E. fetida grows
favourably in the treatment TL, where the population
density was lower than that in the TM and TH. It was
because of the lack of competition and space for the E.
fetida’s movement. The biomass gain per unit PPMS
mixture was significantly higher in TL > TM > TH and
continued to increase up to day 60. Meanwhile, the increase
was significant (p = 0.021) and higher in TL on days 30 and
60, and it continued to increase until day 90. However, the
treatments TM and TH showed a reduction in performance
after 60 days. All the adult E. fetida started dying in TH,
which might be due to the competition and lack of feed
availability in the later stages. A total number of
earthworms was counted (including hatchlings, juveniles,
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preclitellates, and adults) at the end of day 60 and day 90. It
was significantly higher than the initial number used as TL,
TM and TH. Meanwhile, the adult population decreases
after 60 days, as the substrate has already been used for
vermicomposting. As population dynamics increase,
reproductive potential decreases. After 60 days, mortality of
parent earthworms was higher in TH and TM. A similar
observation was made in previous studies (Yuvaraj et al.
2021).

Reproduction rate of E. fetida in different treatments
were calculated based on the number of cocoons produced.
Fig. 5. shows that cocoon productions peaked at day 60 and
declined afterwards. Cocoon production ceased by day 90
in the TH treatment and began to decline TM. However,
cocoon production in TL continued until day 106, then
ceased. The cocoon production rate in TL differed
significantly from those in TM and TH (p = 0.019), whereas
no significant difference was observed between TM and
TH. On average, mature E. fetida produces approximately
one cocoon every three days. Each cocoon hatched within
14-21 days, and from 1 to 3 hatchlings emerged from one
cocoon. Meanwhile, the survival rate was 85-90% in the
controlled environment. This might be due to
hermaphroditism and regeneration capability to ensure
continuity of species, copulation followed by the formation
of a cocoon for fertilization and development is an
adaptation for reproduction (Arancon and Edwards 2022).

CONCLUSIONS

The findings of the current study demonstrate the potential
of using Eisenia fetida to enhance the degradation of total
petroleum hydrocarbons (TPHs) in organic waste pulp and
paper mill sludge (PPMS) and to adopt vermicomposting as
an alternative waste management technique in Corner
Brook, Newfoundland and Labrador, Canada. The results
indicate that the degradation rate of organic waste is highly
dependent on the initial stocking density of earthworms.
The optimum density of E. fetida significantly influenced
the bioremediation of TPH in the PPMS. During
vermicomposting, there was a noticeable reduction in
hydrocarbon contaminants in the PPMS (p > 0.05). The
results indicated a significant reduction in TPH across all
worm treatments compared to the control, although no
significant differences were observed among the
treatments. The initial pH of the treatments differed
significantly (p < 0.05) from both TL and PPMS, whereas
there was no significant difference between TM and TH (p
> 0.05). However, the degradation rate of PH was highest
in the medium-population-density TM, followed by TL and
TH. The reduction performance of the treatments (TL, TM,
and TH) differed significantly from the initial TPH of
PPMS (p = 0.011). The degradation of >C16-C21
hydrocarbons was TL > TM > TH, while the order of
degradation of >C21-C32 hydrocarbons was TM > TL and
TH, respectively. The reduction rates during the
vermicomposting process were significant (p < 0.000) with
the PPMS composted without E. fetida. The reduction rate
of C6-C10 in TL remained the same, whereas both TM and
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TH showed a 50% reduction throughout the
vermicomposting process. However, the reduction rate of
>C10-16 hydrocarbons across all treatments was the same
and significant (p = 0.000) compared with the control
(PPMS without earthworms). On the other hand, the growth
rate and biomass gain of adult E. fetida were higher in TL,
followed by TM and TH, and the higher initial stocking
density — 4 (TH) earthworms kg' of PPMS led to
production performance lower in the current study. In
addition, the optimum biomass gain of E. fetida was
achieved from 0.75 + 0.05 kg E. fetida/ Mg PPMS and the
optimum vermicompost production was reached from 1.25
+ 0.11 kg E. fetida / Mg PPMS for the harvesting
vermicompost. This study concludes that 1.5 (TL) and 2.7
(TM) earthworms kg! of PPMS are the optimal stocking
densities for initiating vermicomposting.
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