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2.1 Introduction

Urbanization growth results in the generation of a considerable amount of solid waste
around the globe that causes inevitable and alarmingly serious environmental risks
[1]. Among several valorization techniques composting and vermicomposting processes
are recognized as economically and ecologically compatible technologies [2]. However,
vermicomposting is more efficient than composting because the decomposition rate of
organic matter is combined action of earthworms and their gut-associated
microorganisms than composting [3]. Vermicomposting is a well-known and simple
biotechnological process of converting wide ranges of organic waste materials, including
their resistant components, into nutrient-rich organic fertilizers by deploying specific
groups of earthworm species [4]. Several studies reported significantly greater nutrient
and plant growth-promoting enzyme levels in vermicompost compared to compost
prepared without the help of earthworms [5,2,6,7]. The efficiency of the technology is
primarily regulated by the activity of earthworms and their intestinal microflora.
Therefore, the success of vermitechnology largely depends on the condition of the
reactors and substrate composition where the earthworms are introduced [8,9]. In nature,
earthworms return the carbon locked inside dead organic debris into the soil. They drag
fallen plants and other biowaste materials down from the surface soil and eat them,
enriching the soil [10]. Eventually, the potentially toxic substances in such materials are

detoxified by earthworms through diverse pathways.

Vermitechnology is a valuable method for converting solid waste into useful
products. The combined effort of earthworms and their gut-associated microorganism
troop drives the decomposing process of the organic matter at a swift with a tremendous
significant advantage over composting [2,3]. The vermicomposting end product depends
on earthworm biomass concerning different earthworm species, feedstocks, and
prevailing conditions [12]. Ansari et al. (2015)[13] reported that organic waste
effectively recycling is a novel work toward solid waste management. An earthworm can

mineralize organic waste by communicating the action of the gut microorganism.



Review of literature Chapter 2

As such, earthworms' profound metabolic and reproductive abilities have enabled
them to adapt to environmental fluctuations. Their high consumption and assimilation
potentials are utilized in vermicomposting techniques. Therefore, it is essential to
provide appropriate conditions, including feedstock composition, moisture, temperature,
aeration, pH, and several other attributes, to transform waste materials into enriched
products successfully. This review describes the significance of relevant aspects of
vermitechnology and quality control measures of the end product from a critical

viewpoint.

Vermicomposting Process — A comparison with composting

The process of composting technology has evolved from the concept of aerobic
composting. However, it is a substantially different technique from composting
concerning biochemical and biophysical changes. Beddard(1883) [14]reported the use of
earthworms for degrading waste materials was probably mentioned. Since the prospects
for earthworms for sensitization of arrays of solid wastes have been extensively studied
(Edwards and Arancon,2004; Arancon et al., 2008),[14,[15] on the other hand, the
composting process relies on indigenous microorganisms for decomposing organic
matter [16] . A comparative assessment of both techniques would be beneficial for
understanding the core differences between the two.

Table 2.1 presents the significant features of the two systems in short.

Table 2.1: Difference between Composting and Vermicomposting

SI. No. Features Composting Vermicomposting Reference
1 Process Aerobic or anaerobic  Aerobic [17]
2 Agents Microorganism Earthworm &microorganism [4];
3 Process Microbial enzyme Earthworms and their intestinal [18]
mechanism mediated microflora induced enzymatic
decomposition
4 Thermal Mesophilic/ Mesophilic
condition  thermophilic [19]
5 End Friable with Friable with higher contents of
product mineralized nutrient, mineralized nutrients and greater
quality microbial biomass, proliferation of microbes and
enzymes their enzymes [20]
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The composting process involves thermophilic and mesophilic conditions when the
system temperature ranges between 45-700C [21]. The thermophilic stage occurs within
a week from the initiation of the composting process, indicating the rapidity of organic
matter decomposition via the acceleration of microbial respiration. The mesophilic phase
commences as soon as the microbial activity stabilizes and continues until the
mineralization process ends [20,19]. In contrast, vermicomposting is entirely a bio-
oxidative process involving only the mesophilic condition [3]. However, a favorable
condition is created for the latent microbial population in the feedstocks in composting
reactors, transforming the feedstocks into stabilized and nutrient-rich compost
characterized by a typical friable texture. However, the process of vermicomposting runs
in a phasic manner, schematically presented in fig 2.1.

Feedstock Optimization

Mixture combination standardization-
Ready C-source & Complex waste

|

Earthworm — Epigeic Species Verm"e:“‘?f‘ various Moisture & aeration
e.g E. fetida esign optimization

/ \ Inherent latent microbial

communities
Vermicompost

Figure 2. 1. Graphical representation of the experiment

Earthworm activity + Gut
associated micro-organisms

The earthworms voraciously ingest the feed materials and grind them into finer particles
in the vermireactors. Eventually, the gut microbiota of the earthworm degrades the
ingested feed materials through the accelerated release of a wide range of enzymes, and
the worms excrete a significant portion of the digested feedstocks along with the active
microflora[3]. The burrowing, feeding, and excretory activity of the earthworm
powerfully activates the indigenous microflora of the feedstock, thereby accelerating the

decomposition process insignificant manner (Fig 2.1). As a result, the diversity of
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microbial communities, enzymes, and fatty acids was more spectacular in vermicompost

thanin compost [9].

Overall, vermitechnology promotes more excellent nutrient and plant growth
enzymes than aerobic composting [16,21,22,7]. The earthworms and their gut microbes
regulate the efficacy of vermitechnology [25]. Earthworms play the leading role in
returning the carbon locked in the dead organic materials in the soil by consuming them
and thus augmenting the soil nutrient [10]. Thus the conversion of the waste materials

into nutrient-rich manure by the action of earthworms is known as vermicomposting.
Process optimization of vermitechnology:

The efficiency of vermicomposting systems largely depends on several factors. Das et
al.,2020 critically reviewed the available information on major regulatory factors for
vermicomposting and coined those physical attributes like texture, color, density, water
holding capacity, and temperature are vital indicators of vermicompost and compost
quality. Several studies have promulgated that chemical parameters like C/N ratio, macro
(N, P, K, Ca, Mg, and S) and micro (Fe, Mn, Cu, Zn, B, Mo, etc.), nutrient availability,
and cation exchange capacity are strong quality indicates for any composting system
[24,12,25]. Few studies also emphasized that microbial attributes (Microbial counts,
microbial biomass carbon and nitrogen, microbial respiration, microbial quotient, etc.)
are the most vital quality parameters for composting and vermicomposting because
microbial activities and proliferation predominantly regulate both processes.
[26,27,9,28]. However, the vermicomposting process is also greatly influenced by
earthworm fecundity (Population, growth of worms, cocoon production, body weight,
and length) [31]. The desired quality of the end products (Compost and vermicompost)
can only be attained through the optimization of standardization of the process
conditions. Tables 2.2 and 2.3 provide comprehensive accounts of the factors
determining end product quality and related scientific insights. The tables depict that
various complex waste materials could be successfully transformed into valuable
manures using vermitechnology. The quality of the end products could be assessed based

on the changes in several attributes.
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Table 2.2: An account of vital physico-chemical attributes for assessing the composting and vermicomposting status
Sl.  Physical & Favourable status Reference Chemical Favourable status Reference
No. microbial attributes

attributes
1 Temperature 27-300 ¢,29-350c, [7],[61].[1],[62] pH 6.42,7.33,4.2-8.0, [71,[61],[1],[43],[62]
25-370c 7.30,5.5-8.5
2 Moisture 40-50 %, 65-70%, [55][63][43][62] TOC% 2.78,18.0 [61][43]
50-90%
Bulk density  1.12 [61]. Total N 0.73,1.78 [61],[43].
Reactor Size 20 kg of substrates [58],[31]. C/N 8.36, 25 [61],[1]
&Shape Truncated cone
shape with
perforated wall
Total P 16.9, 0.54 [61].
Available 138.7, [61],[43].
K% (mg/kg)
9 Fe 182.3, 200 [61],[43]
10 Cu 4.04,16.4 [61],[55]
11 Zn 1.91 [61]
12 Mn 27.3 [61].
13 Cd 0.74,0.59 [61],[55]
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Physico-chemical and biochemical factors

Table 2.2 compiles the arrays of physicochemical that predominantly regulate the
decomposition process in earthworm and microorganism-mediated systems such as
vermicomposting and composting. The alteration profiles of those attributes can also be
appreciated from table 2.3.The majority of the studies showed that modification of
physical attributes like temperature, bulk density, and water retention capacity of the
feedstocks are strong indicators of the maturity of the decomposition process in addition
to chemical attributes (pH, total organic C, C/N ratio, nutrient (N, P, K, Ca, Mg, etc.)
availability). The ambient and reactor temperature influences earthworm activity .
Earthworm generally requires a mesophilic~ 25-40°C temperature range (Table 2.3). The
feedstock’s bulk density and moisture content also influence the earthworm activity.
Generally, a 50-70% moisture level is suitable for vermicomposting [7,30]. However, a
bulk density of nearly 1-1.2 g cc-1 is favorable for vermicomposting (Table 2.3). Among
chemical attributes, pH and the C/N ratio of the feedstock are the two most vital factors
in determining the time and maturity for vermicomposting [33]. Apart from that, total
organic carbon (TOC) levels, N, P, K, and metals, also play an essential role in

determining the quality of the end product (Table 2.3).
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Table 2.3: List of some end product quality assessment of previous works

S| Substrate/ Earthworm Species  Stocking Functional outcomes (End product Scientific Knowledge given
feedstock density  characteristics) Reference
N materials &
maturity
time
1 Jute mill waste Metaphire posthuma 10 i. NPK increase, ii.Earthworm From JMW, we can accomplish [51]
(IMW), Cow worms count increase nutrient stabilization & metal
Dung (CD), kg iii. Body weight increase iv. remediation through
vegetable Waste 60 Days Cocoon count v.TOC& vermicompost with the help of biofertilizer
pH decreases vi. Humic acid, endogeic earthworm M.
Fulvic acid vii MBC increases posthuma
viii.Cr,Pb,Fe,Zn decreases IX.
Bulk density decreases
X.WHCincreases,MBN increases
i. Bacterial count increases (E. fetida . o
Eisenia fetida; Different  N-fixing &  P-
2  Vegetable market 10 system) ii. TOC pH o _ _
. Perionyx excavates _ Solubilizing bacterial strains are
waste + Rice straw worms decreases iii.Available NPK _ .
1 _ _ found in earthworm gut helps in
+ Cow Dung kg increases (both E. fetida&P. excavatus) _ _ _
formation of rich soil & crops
60 Days

raising in comparison with the
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3 Kitchen Waste + Eisenia  fetida , 10 I. TOC reduced ii. C/N ratio Decomposition of biological [55].
Paddy Straw + Eudrilus eugeniae worms reduced iii. Compost respiration wastes can be facilitated by
Cow Dung (Urine ,Perionyx excavates kg reduced iv. Coliformcount wusing 2 or more earthworm
free) 45-50 reduced v. Toxic metals (Cd, species & it results in increment
Days Zn, Cu) reduced vi. Alkalinity of NPK availability, enzyme
reduced vii. Earthworm biomass activity, economically feasible.
increased viii. NPK availability
increased iX.Enzyme
activity increased X.Microbial
growth xi.Urease activity increased
xii. Humic substances increase Xxiii.N-
fixing &  P-Solubilizing  bacterial
population decreases
xiv. Bacterial population decreased
4 MSW+CD Eisenia fetida 10 worm  i. N, P, K increased ii. pH Different composting techniques [15]
kg™ decreased iii.BD are useful to reduce MSW
60 days  increased iv.WHC decreased landfills. Real field application
v.MBC increased vi. Pb, Cr & should be done in this sector so

Cd accumulation efficiency of
E.fetida increased vii. Pb, Cr, Cd are

decreased

that we can manage MSW
landfills.
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SMS + CD
excavatus

E.fetida,E.eugeniae,P.

10 worm
kg-1 60
days

I. Reduction in Crystalline index
cn ii. MBC
increases iii. Compost
respiration (CR) decreases iv. pH
& TOC decreases V. N, P
increasesvi. Microbial ~ count
increases

Degradation of lignocellulosic [9]
biomass i.e., SMS with the help

of different earthworm species

can degrade the SMS & can act

as increment in  microbial
communities & their metabolic
processes

6

Paper Waste + CD  E.fetida ,E.eugeniae

50
worms
Kg-1 30
days

I. TOC & pH decreases
ii. Total N, P, K increases
iii. C/N ratio decreases
iv. Fe, Ni, Zn, Cr, Pb level
decreases

FLUVIT  (FLippable  Units
vermireactor Train System) is a
rapid vermicompost technique
which can reduce paper waste &
can easily generate organic
fertilizer. PVC (Paper
vermicompost) act as Soil
regenerator which helps in plant
growth

[58]

Organic garbage +
LARM (Leachate
absorbing raw
materials) i.e.,
Cocopith, bagasse,
Jute Waste

E.euginae ,E.fetida

60 days

25

Using ASMV (aerobic Sponge
Method Vermitechnology)
technique, one can convert
organic garbage in to
vermicompost macro level

[43]

Continue...
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8 SMS (Spent E.fetida,E.andrei 40 i. C/N ratio decreases,ii. pH, EC, TOC  Using vermicompost [59]
mushroom  stock) worms decreases, iii. Total NPK increases, technology,one  can easily
+CD kg-1,84 convert SMS to value-added
days materials &it can also be used in
organic agriculture
9 CD + Waste corn E.fetida 1 Kg/m2 i. NPK increases ii. pH,TOC decreases = A constant flow through [60]
pulp + Card board 1-2 vermireactor allows addition of
box + vegetables months organic waste & very stable
vermicasts which possess higher
NPK compositions
10 TFCA (Teafactory Eisenia fetida,Lampito 10 I. pH, TOC It demonstrates that prolonged [31]
coal ash) +CD mauritii worms decreased, . Mn, Zn, Cu, As heavy metal rich TFCA exposure
kg-1 60 decreased i, Total Nitrogen has little impact on
days increases bioconversion efficiency of both

the earthworms. Increase in MT
levels directly indicates metal
accumulation in earthworm guts.
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Microbial growth and enzyme activity

The changes in microbial and enzymatic profiles could be the essential functional
indicators for assessing the technical feasibility of all kinds of composting systems [9].
Villar et al. (2017) studied the microbial phospholipid fatty acid assay (PLFA)-derived
microbial community profiles, fatty acid distributions, and enzyme activity in pre-
composted pig manure under static conditions and vermicomposting. They stated
feedstock decomposition was faster under vermicomposting than in the static maturation
system. Microbial PLFA-based assessments are reliable tools for appreciating the
response of microbial communities to habitat fluctuations [34]. The gut microbes
initially attribute the decomposition of the solid waste, whereas the earthworm grinds the
waste into finer particles [35]. Earthworm species and feedstock nature play a starring
role in increasing the microbial populations and their community structures in the
vermireactors [34,9]. The earthworm communal activity and their gut-associated
microorganism play a key role in solid waste degradation and stabilize their nutrient
availability in the treated materials. With the help of the 16S rRNA cloning technique,
the diversity and abundance of gut microbes in Eisenia fetida and Perionyx excavates
have been reported [23]. To study the biological index of microbial diversity in different
environmental situations, phospholipid fatty acid (PLFA) profiling is done [37]. Under
various situations, microbes produce PLFA to sustain the stability of the cell membrane
[34].

Earthworm intestines harness numerous types of microorganisms by acting as natural
incubators that provide favorable conditions for microbial augmentation [35,36,37].
However, there are contrasting interpretati02n7s regarding the characteristics of earthworm
gut-associated microflora. According to Satchell (1967)[41], the earthworm gut flora
seldom possesses indigenous microbial communities; instead, the intestinal microflora of
earthworms harbors the communities brought along with the feed materials. On the other
hand, a few studies revealed that the microbial community structure of earthworm
intestines is substantially more diverse than the immediate habitat [42]. As such, the

earthworm gut environment greatly facilitates microbial growth.

Interestingly, the earthworm intestine not only promotes the growth of facultative
anaerobes but also greatly facilitates the aerobic microbial communities even though the
oxygen level in the worm intestine is low [33]. Hussain et al. (2016)[40] identified potent

plant growth-promoting bacterial strains from earthworm intestines cultured in biowaste-



Review of literature Chapter 2

based vermibeds and utilized those identified strains as biofertilizer agents. A short
account of bacterial diversity in earthworm-mediated systems has been schematically

presented in (Fig. 2.2.)

Apart from the microbial diversity, earthworm intestines harness arrays of digestive
enzymes (protease, lipase, cellulase, amylase, etc.), hormones, and antibiotics [40,41].
These enzymes and other biomolecules significantly expedite the mineralization of the
gut-passed feed materials and accelerate the feedstock humification process when
released via the worm excreta [45].Aira et al. (2007)[46] showed that microbial growth
(microbial biomass C & N, microbial population, and basal respiration) and activity of
vital enzymes in ready vermicompost (phosphatases, B-glucosidase, protease, etc.)
substantially reduced over time after the earthworms were withdrawn; which resulted in

the corresponding decrease in the nutrient concentrations.
Earthworm species, stocking density, and duration

The unique beneficial activities of surface-dwelling earthworms were identified years
ago by scientists like Darwin (1837). Later, the burrowing nature of earthworms has
made them helpful in accelerating the decomposition of waste materials into nutrient-rich
manure, known as vermicomposting. Based on their feeding habits, earthworms could be
classified into two major groups, detrivores and geophagous [47]. However, Bouch,
(1977)[48] reported the most widely used classification system of earthworms is based
on their habitat preference, which divides them into epigeics, anecics, and endogeic. The
epigeics thrive on the surface soil, feed upon decaying organic matter, and can be named
detrivores [3]. The anecics live below the soil surface, feeding on the mixture of soil and
organic materials; hence, they can be named geo-phytophagous. The endogeics, on
the other hand, are true geophagous (i.e., Soil feeders) living in deeper soil layers and
feeding on carbon-rich soil [49]. According to a recent report, about 7000 earthworm
species belong to about 700 genera and 23 families worldwide [50]. However, the
epigeics (Eisenia fetida, Perionyx excavate, and Eudrilus eugeniae) are highly efficient
for vermicomposting because they prefer to feed upon the decaying organic matter [51].
A few studies have also reported the organic matter decomposition efficiency of the
anecics(e.g., Lampito mauritii) because they can thrive on organic matter-rich feedstock
to a considerable extent [47,48]. Moreover, the effects of endogeic earthworms (e.g.,

Metaphire posthuma) on biowaste decomposition dynamics have been studied [2,[54].
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Sahariah et al. (2015)[23] found that owing to their deep-burrowing habit, M. posthuma

facilitates the humification process more than E. fetida.

Stocking density or the initial member of worms and earthworm species also
considerably influences the end product quality and duration for attaining maturity
(Table 2.3). Ndegwa (2000)[55] observed that the initial stocking density of Eisenia
fetida in biosolid-based vermibeds significantly influenced their feeding rate.
Mupambwa (2016)[56];studied the effect of Eisenia fetida stocking density on compost
maturity and end-product quality of fly ash-cow dung-waste paper-based vermibeds.
Nutrient mineralization and stabilization of effluent treatment plant sludge-mediated
vermicomposting system was greatly improved based on the initial population of Eisenia
fetida [57].Previously, Garg 2008found that the incorporation of ~27-53 specimens of
Eisenia fetida per kg feedstock resulted in efficient nutrient recovery from textile
wastewater sludge. Several studies have indicated that a stocking density of about ten
worms kg-1 results in satisfactory growth of Eisenia fetida and Eudrilus eugeniae in
biogenic waste-based vermireactors, and high-quality vermicompost could be harvested
in about two months [49,38,52,9].

Various kinds of research have been conducted on the quality stabilization of
vermitechnology. Still, much effort is necessary to standardize the optimum duration
regarding technological improvement [7]. External factors such as feedstock
composition, temperature, earthworm species, and their initial density considerably
fluctuate the maturity time of vermicomposting [58]. The optimum duration of
incubation is estimated by the physico-chemical attributes, such as available NPK, C\N
ratio, etc., Cabanas-Vargas etal., 2015 certify that the stability of the finished products .
Abbasi et al., (2018)[59] observed that paper waste would be transformed into nutrient-
rich, less toxic compost within a month (i.e., 30 days) by using a stocking density of 50
worm kg-1.In contrast, Tajbakshet al. (2018)[60] found that it took more than 80 days to
spend mushroom stock into mineralized vermicompost using 40 worm kg-1 stocking
density of E. fetida and E. andrei. Overall, these studies indicate that the waste
decomposition efficiency of earthworms and the process duration dramatically vary

depending upon their initial population.
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2.2.3 Feedstock composition and quality indices

Setting up earthworm-compatible feedstock is a vital factor for the success of
vermitechnology. Table 2.4 shows some complex waste-based feedstocks used for
different earthworm species-mediated vermicomposting systems. The table depicts that
industrial wastes like jute loom refuge and coal ashes could be successfully
vermicomposted to produce sanitized manures. Feedstock maturity, stability, and
duration of the vermicomposting and composting process are closely linked, and those
are the critical factor concerning the economic viability of vermitechnology [7].
Agricultural biowaste or the lignocellulose complex hetero-polymers are unfitting for
animal feed as they have low protein content and are slowly subjected to microbial decay
[54,55] .

Table 2.4.Waste-based feedstock composition and verified earthworm species for

successful vermicomposting

Feedstock composition Earthworm species References
Vegetable market waste + Rice Eisenia fetida, [40]
straw + Cow Dung (urine free) Perionyx excavatus

Eisenia  fetida , [55].
Eudrilus eugeniae

Kitchen Waste + Paddy Straw + )
Perionyx excavates

Cow Dung (urine free)
Municipality Solid Waste + Cow Eisenia fetida [61]
Dung(urine free)

Paper Waste + Cow Dung(urine E.fetida , E.eugeniae [58]

free)

Organic garbage + LARM E.eugeniae, E.fetida [43]
(Leachate absorbing raw

materials) i.e., Cocopith, bagasse,

Jute Waste

CD + Waste corn pulp + Card E.fetida [69].

board box + vegetables

Eiseniafetida, [50]
TFCA (Tea factory coal ash) +CD  Lampitomauritii
Jute mill waste (JMW), Cow Metaphireposthuma [51]
Dung (CD), vegetable Waste

Various researchers have reported the efficiency of vermitechnology using different
earthworm species in organic waste and lignocellulosic biowaste, as shown in Table 2.5.

Vegetable waste and lignocellulosic waste like paddy straw could be successfully
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converted into value-added organic fertilizers within 45-50 days using 2-3 earthworm
species in combination [7]. A 1:1:1 mixture of vegetable market waste, paddy straw, and
cow dung not only resulted in high-quality end products but also facilitated the worker in
depriving useful biofertilizer inoculums of Eisenia fetida gut [40]. For an economic
study of vermitechnology and aerobic composting, various appropriate tools have been
developed to improve the composting duration and physic-chemical parameters [56,57] .
Hussain et al. (2016; 2018)[40,[7] proposed a Compost quality quotient (CQQ) equation
that incorporates the changes in all the vital parameters within a specific duration of
composting and vermicomposting. Adding some weighing factors for each index, CI
(Clean Index) helps determine the level of occurrence of any metals or the elements in
the processed materials; the values indicate the upper limit of such occurrences. The FI
facilitates determining the value of compost respiration regarding soil productivity
change. Apart from these, the C/N ratio, microbial quotient, and microbial metabolic

quotient are effective indicators for maturity determination for biocomposting processes

[9].

On the other hand, indicators such as crystallinity index (CI) and humification index
(HI) help in determining the maturity time of the feedstock based on the rate of
transforming crystalline materials to an amorphous state; [32]. In particular, the CI helps
evaluate the decomposition process based on the crystalline materials' transformation
rate to amorphous states. However, this index is expensive and, to some extent,

inaccessible to small entrepreneurs.
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Table 2.5: Vermicomposting of different biogenic and lignocellulosic feedstocks using

different earthworm species

Sl Feedstocks Most dependable References
No epigeic species
(A) Lignocellulosic waste
1 Water hyacinth Eisenia fetida [65]
2 Apple pomace Eisenia fetida [66]
3 Oil palm Eudrilus eugeniae [11]
4 Market waste Eisenia fetida [40]

(Vegetable) and rice
straw mixture
(B) Organic waste

5 Paper waste (Non- Eisenia fetida [67]
recyclable)

6 Pig manure Eisenia fetida [51]

7 Industrial waste Eisenia fetida [68]
(Cotton)

8 Vegetable and Eudrilus eugeniae [69]

Industrial waste

Earthworm Microorganisms

Onychochaeta Bacillus sp., Bacillus

Majority of the A natural boricana thuringenesis
t microbial
B pecies are noub Fisenia fetida  Klebsiella sp., Flavobacterium
G R sp., Nocardia sp., Gordoniasp.,
Vibrie comma, Clostridium
Earthworm gut: welchii, Proteus
. . vilgaris,Serratia marcescens,
Significance Mycobacterhum sp.
Bio- Eisenia fefida Bacillus sp., Bacillus cereus,
Efficiently discard engineering Serratia sp.,Serratia
mil::.:::ggﬁ:m, hub for marcescens, Kluyvera
microbial ascorbata, Burkholderia sp.,
efficienc Rhkizobinm sp.
Lumbricus Azetobacter sp., Enterobactera
ribellis sp., Pseudomonas sp.,
Klebsiella sp.

Fig 2.2: Bacterial diversity identified within the intestinal wall of earthworms
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Pollutants and their detoxification: A focus on polycyclic aromatic hydrocarbons
(PAH)

Vermitechnology is the most practiced bioconversion technique compared to aerobic
composting [69,24]. Bhattacharya and Kim, (2016)[71] reported that earthworms could
survive, flourish, and detoxify metals (Cd, Cr, Pb, etc.) in contaminated soil and solid
wastes [4]. Metallothioneins, low molecular weight proteins, are believed to be readily
induced in the intestines of metal-exposed earthworms [47,29]. These proteins form
organometallic complexes via the thiol-group binding mechanism and transport the
metals in bound forms to chloragogenous tissues, where they are neutralized [72].

The organic pollutants are released in the soil from the incomplete combustion of
coal and petroleum. The deposition rate of PAHSs in the soil is generally high due to their
high hydrophobicity and low solubility [73]. Sisinno et al. (2003)[74] reported a
significant occurrence of quite a few PAHs (benzo[a]anthracence, benzo[a]fluoranthene,
benzo[a]pyrene, fluoranthene, chrysene, etc.) in the solid waste samples of Poland.
Recently, Guo et al. (2020)[76] found all 16 priority PAHSs in urban yard trash in the
range of 0.38 to 14.0 mg kg-1. PAHs are also found in the residues from MSW
incineration units in the UK [77]. Fig. 2.3 schematically explains the source and
deposition profiles of organic pollutants like PAH in the environment. Hickman and
Reid, (2008)[23] reported that for the remediation of various organic and industrial
wastes into mineralized form, earthworms are widely used as earthworm has the property
of bioaccumulation. Species like Eisenia fetida, Eisenia tetraedra, Lumbricus terrestris,
and Aporrectodea caliginosacan potentially remove organic micro-pollutants like PAHs
from soil (Sinha et al.)[78]. Various organic pollutants in the soil, such as PAH, have

been readily accumulated by earthworms [76,77].

Several earthworm species have shown various PAH accumulation patterns Eisenia
fetida [81], Apporrectodea caliginosa [39], Amynthus gracilis [82], and Lumbricus
rubellus[83].Ma et al. [1995][84] reported that earthworms expedite the degradation of
organic contaminants like phthalate, phenanthrene, and fluoranthene in soil. Various
bacteria and fungi have the potential to degrade some chemicals, such as hydrocarbons.
The earthworm gut microbes can accumulate micro-pollutants from the soil during food
uptake [85]. The combined action of autochthonous micro-organisms and earthworms
increases the biodegradation of hydrocarbons by stimulating microbial activity [82- [88].

Eijsackers et al., (2001)[78] also reported mutual involvement between earthworms and
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micro-organisms that facilitated the removal of PAHs from contaminated feedstocks.
The mutual association of earthworms and their gut-associated microorganisms convert
complex mineralized waste into nutrient-rich products [89]; and thus plays a vital role in
metal removal from organic pollutants and consequently takes part in the detoxification
pattern of mineralization in vermicomposting [90]. Earthworms also excrete various
enzymes like amylase, lipase, cellulose, and chitinase to help break down organic matter
in the soil and thus help in degrading the organic pollutants in the soil[79]. Table2. 6
showcases the outcomes of some PAH removal studies employing earthworms. These
studies indicate that PAH remediation pathways and the budget for removal through

biological processes need to be assessed mechanistically.

Agro industrial waste Municipal organic waste

N\, /

| Organic pollutants |

/ N\

Polycyclic aromatic waste Personal care product

Pharmaceuticals

Polychlorinated

Polybrominated biphenyls Pesticides

Sanchez-Hernandez

Fig2. 3: The sources of organic pollutants in the environment
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Table 2.6: Different treatments used for PAH removal from different sources
SI PAH compound Source Level of occurrence  Treatments used Refences
1 Phenanthrene (Phen), Sewage sludge >96% for Phen, Vermicomposting(Eisenia fetida) [91]
Anthracean (Anth), >99% for Anth and
Benzo(a)Pyrene (BaP) >97% for BaP.
2 Biphenyl Contaminated Soil  1.62-2.40 mg/kg Vermicomposting(Eisenia fetida)  [47]
Benzo(a) Pyrene ,
Dibenzo(a,h)anthracean
3 Phenanthrene (Phen), Sludge 96% Phen, 99% Vermicomposting(Eisenia fetida) [79]
Anthracene (Anth), (Wastewater Anthra and 97%
Benzo(a)Pyrene (BaP) treatments plant) BaP
4 PAH  (Lipophilic  organic Soil(gas works site 11,820 mg/kg Vermicomposting(Eisenia fetida, [78]
micropollutants) ) Eisenia tetraedra,
Lumbricusterrestris,
Lumbricusrubellus)
5 Coal Brick Kiln industry 1-1.5 tonnes of Vermicomposting(Eisenia fetida) [18]
BKCA (brick Kkiln
coal ash)per day
6 Coal Ash Tea factory Vermicomposting (Eisenia fetida, [92]
Lumbricusrubellus)
7 16 PAH compounds Contaminated soil Microbial (Bacteria , fungi) 93]
8 Pyrene Mycobacterium vanbaalenii PYR-
1 [94]
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Innovation vermireactors and vermicomposting process

The profound metabolic and reproductive ability permits the earthworm to survive in a
fluctuating environment. In the vermireactors, the earthworms prodigiously crawl,
consume the feed materials, and pulverize them into finer particles. In due course, the
earthworm gut microbes degrade the feed materials, releasing various active microflora
and a wide range of enzymes from the worm excreta [4]. A vermicompost reactor is a
device that facilitates the vermicomposting process by providing the optimal conditions
required for earthworms to live.However, the waste valorization potential of earthworms
may fluctuate depending on the reactor size and shape. Abbasi et al. (2018)[59] stated
that about 20 kg capacity of vermireactor facilitates the speed of waste decomposition.
While Goswami et al. (2014)[31] found that a truncated cone-shaped reactor with
perforated walls was satisfactory for maintaining aeration and performing earthworm
activity. Abbasi et al., (2009)[29] define vermicomposts as amenable to continuously-fed
operation, whereas compost is an essential batch process. The biochemical and microbial
processes have numerous significant differences [91]. Vermicast production is
considered the most reasonable and easily significant vermicomposting system. It is
humus and plant-friendly [92-94].Abbasi and Ramasamy, (2001)[94] reported that
earthworm takes 6-18h to form vermicast based on earthworm species and the substrate

nature. The conventional vermireactors take almost 80-90 days to form vermicast.

In an interesting study, Ghorbani et.al (2021)[95] reported a design of a smart close
reactor for vermicomposting. The study concluded that odorous solid waste (e.g., sewage
sludge) could be more efficiently vermicomposted in the innovated reactor than
traditionally used reactor; in particular for temperate climatic conditions. Previously,
Manyuchi.et.al (2013)[96] also developed a continuous flow through vermireactors that
efficiently converted more ~7000kg of organic waste into nutrient reach vermicomposts.
However, mechanized vermicomposting system with upgradable features that suits for
household level waste recycling facilities have not been developed so far. This can be

indeed a new an interesting domine to work.



Review of literature Chapter 2

Bibliography

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Ali, U., Sajid, N., Khalid, A., Riaz, L., Rabbani, M. M., Syed, J. H., and Malik, R.
N. A review on vermicomposting of organic wastes. Environmental Progress and
Sustainable Energy, 34(4):1050-1062, 2015.

Sahariah, B., Goswami, L., Kim, K.-H., Bhattacharyya, P., Bhattacharya, S.S.,
2015. Metal remediation and biodegradation potential of earthworm species on
municipal solid waste: a parallel analysis between Metaphire posthuma and
Eisenia fetida. Bioresour. Technol. 180, 230-236. 20152015.

Bhattacharya, S. S., and Kim, K. H. Utilization of coal ash: Is vermitechnology a
sustainable avenue? Renewable and Sustainable Energy Reviews, 58:1376-1386,
2016.

Bhattacharya, S. S., and Kim, K. H. Utilization of coal ash: Is vermitechnology a
sustainable avenue? Renewable and Sustainable Energy Reviews, 58:1376-1386,
2016.

Gomez-Brandon, M., Aira, M., Santana, N., Pérez-Losada, M., and Dominguez, J.
Temporal dynamics of bacterial communities in a pilot-scale vermireactor fed
with distilled grape marc. Microorganisms, 8(5)2020.

S. Suthar. Bioconversion of post harvest crop residues and cattle shed manure into
value-added products using earthworm Eudrilus eugeniae Kinberg, Ecol. Eng. 32
(3) (2008) 206e214, available: http://www.sciencedirect.com/science/article/pii/
S0925857407002121; J. 20082008.

Hussain, N., Das, S., Goswami, L., Das, P., Sahariah, B., and Bhattacharya, S. S.
Intensification of vermitechnology for kitchen vegetable waste and paddy straw
employing earthworm consortium: Assessment of maturity time, microbial
community structure, and economic benefit. Journal of Cleaner Production,
182:414-426, 2018.

Deka, H., Deka, S., Baruah, C. K., Das, J., Hoque, S., Sarma, H., and Sarma, N. S.
Vermicomposting potentiality of Perionyx excavatus for recycling of waste
biomass of Java citronella--an aromatic oil yielding plant. Bioresour Technol,
102(24):11212-11217, 2011.

Devi, J., Deb, U., Barman, S., Das, S., Sundar Bhattacharya, S., Fai Tsang, Y.,
Lee, J.-H., and Kim, K.-H. Appraisal of lignocellusoic biomass degrading

potential of three earthworm species using vermireactor mediated with spent

37


http://www.sciencedirect.com/science/article/pii/

Review of literature Chapter 2

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

mushroom substrate: Compost quality, crystallinity, and microbial community
structural analysis. Science of The Total Environment, 716:135215, 2020.

Liebeke, M., Strittmatter, N., Fearn, S., Morgan, A. J., Kille, P., Fuchser, J.,
Wallis, D., Palchykov, V., Robertson, J., Lahive, E., Spurgeon, D. J., Mcphail, D.,
Takats, Z., and Bundy, J. G. Unique metabolites protect earthworms against plant
polyphenols. Nature Communications, 6:4-10, 2015.

Lim, S. L., and Wu, T. Y. Characterization of Matured Vermicompost Derived
from Valorization of Palm Oil Mill Byproduct. Journal of Agricultural and Food
Chemistry, 64(8):1761-1769, 2016.

Sahariah, B., Goswami, L., Kim, K.-H., Bhattacharyya, P., Bhattacharya, S.S.,
2015. Metal remediation and biodegradation potential of earthworm species on
municipal solid waste: a parallel analysis between Metaphire posthuma and
Eisenia fetida. Bioresour. Technol. 180, 230-236. 20152015.

Ansari, A. A, and Ismail, S. A. Role of Earthworms in Vermitechnology. Journal

of Agricultural Technology, 8(2):403-415, 2012.
https://pdfs.semanticscholar.org/44c3/437daabd421112468abl1c79bclbc69c4bd9b.
pdf.

Sharma, S., Kumar, A., Pratap, A., and Padma, S. Earthworms and
vermitechnology - a review. Dynamic Soil, Dynamic Plant, 3(Special Issue 2):1-
12, 2009.
http://apps.webofknowledge.com.proxy2.library.illinois.edu/full_record.do?produ

ct=UA&search_mode=GeneralSearch&qid=2&SID=2FpaVNC5ufV2sFFdET1&p

age=6&doc=>58.

Paul, S., Das, S., Raul, P., and Bhattacharya, S. S. Vermi-sanitization of toxic silk
industry waste employing Eisenia fetida and Eudrilus eugeniae: Substrate
compatibility, nutrient enrichment and metal accumulation dynamics. Bioresource
technology, 266:267-274, 2018.

Fornes, F., Mendoza-Hernandez, D., Garcia-de-la-Fuente, R., Abad, M., Belda,
R.M., 2012. Composting versus vermicomposting: a comparative study of organic
matter evolution through straight and combined processes. Bioresour. Technol.
118, 296-305.

Lazcano, C., GOmez-Brandon, M., and Dominguez, J. Comparison of the
effectiveness of composting and vermicomposting for the biological stabilization
of cattle manure. Chemosphere, 72(7):1013-1019, 2008.

38


http://apps.webofknowledge.com.proxy2.library.illinois.edu/full_record.do?produ

Review of literature Chapter 2

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Mondal, A., Goswami, L., Hussain, N., Barman, S., Kalita, E., Bhattacharyya, P.,
and Bhattacharya, S. S. Detoxification and eco-friendly recycling of brick kiln
coal ash using Eisenia fetida: A clean approach through vermitechnology.
Chemosphere, 244:125470, 2020.

Mupondi, L. T., Mnkeni, P. N. S., and Muchaonyerwa, P. Effectiveness of
combined thermophilic composting and vermicomposting on biodegradation and
sanitization of mixtures of dairy manure and waste paper. African Journal of
Biotechnology, 9(30):4754-4763, 2010.

Tognetti, C., Laos, F., Mazzarino, M. J., and Hernandez, M. T. Composting vs.
vermicomposting: A comparison of end product quality. Compost Science and
Utilization, 13(1):6-13, 2005.

Fornes, F., Mendoza-Hernandez, D., Garcia-de-la-Fuente, R., Abad, M., and
Belda, R. M. Composting versus vermicomposting: A comparative study of
organic matter evolution through straight and combined processes. Bioresource
Technology, 118:296-305, 2012.

Lau, K. L., Tsang, Y. Y., and Chiu, S. W. Use of spent mushroom compost to
bioremediate PAH-contaminated samples. Chemosphere, 52(9):1539-1546, 2003.
Sahariah, B., Goswami, L., Kim, K.-H., Bhattacharyya, P., and Bhattacharya, S. S.
Metal remediation and biodegradation potential of earthworm species on
municipal solid waste: A parallel analysis between Metaphire posthuma and
Eisenia fetida. Bioresource Technology, 180:230-236, 2015.

Suthar, S., Mutiyar, P. K., and Singh, S. Vermicomposting of milk processing
industry sludge spiked with plant wastes. Bioresource Technology, 116:214-219,
2012.

Deka, H., Deka, S., Baruah, C.K., Das, J.,, Hoque, S., Sarma, N.S., 2011.
Vermicomposting of distillation waste of citronella plant (Cymbopogon
winterianus Jowitt.) employing Eudrilus eugeniae. Bioresour. Technol. 102 (13),
6944-6950. 20112011.

Goswami, L., Patel, A. K. uma., Dutta, G., Bhattacharyya, P., Gogoi, N., and
Bhattacharya, S. S. unda. Hazard remediation and recycling of tea industry and
paper mill bottom ash through vermiconversion. Chemosphere, 92(6):708-713,
2013.

Furlong, C., Rajapaksha, N. S., Butt, K. R., and Gibson, W. T. Is composting

worm availability the main barrier to large-scale adoption of worm-based organic

39



Review of literature Chapter 2

[28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

waste processing technologies? Journal of Cleaner Production, 164:1026-1033,
2017.

Alidadi, H., Parvaresh, A.R., Shahmansouri, M.R., Pourmoghadas, H., 2005.
Combined compost and vermicomposting process in the treatment and
bioconversion of sludge. Iran. J. Environ. Health Sci. Eng. 2, 251-254. 20052005.
Hanc, A., Castkova, T., Kuzel, S., and Cajthaml, T. Dynamics of a vertical-flow
windrow vermicomposting system. Waste Management and Research,
35(11):1121-1128, 2017.

Chakraborty, P., Sarkar, S., Mondal, S., Agarwal, B. K., Kumar, A., Bhattacharya,
S., Bhattacharya, S. S., and Bhattacharyya, P. Eisenia fetida mediated vermi-
transformation of tannery waste sludge into value added eco-friendly product: An
insight on microbial diversity, enzyme activation, and metal detoxification.
Journal of Cleaner Production, 348(February):131368, 2022.

Goswami, L., Sarkar, S., Mukherjee, S., Das, S., Barman, S., Raul, P.,
Bhattacharyya, P., Mandal, N. C., Bhattacharya, S., and Bhattacharya, S. S.
Vermicomposting of Tea Factory Coal Ash: Metal accumulation and
metallothionein response in Eisenia fetida (Savigny) and Lampito mauritii
(Kinberg). Bioresource Technology, 166:96-102, 2014.

Sasmal, S., Goud, V. V, and Mohanty, K. Characterization of biomasses available
in the region of North-East India for production of biofuels. Biomass and
Bioenergy, 45:212-220, 2012.

Das et al., 2020. Nanomaterials in Soil Environment: A Review. 20202020.

Luo, X,, Fu, X., Yang, Y., Cai, P., Peng, S., Chen, W., and Huang, Q. Microbial
communities play important roles in modulating paddy soil fertility. Scientific
Reports, 6:20326, 2016.

Sen, B., Chandra, T.S., 2009. . Do earthworms affect dynamics of functional
response and genetic structure of microbial community in a lab-scale composting
system? Bioresour. Technol. 100 (2), 804-811. 20092009.

Huang, K., Li, F., Wei, Y., Chen, X., Fu, X., 2013. Changes of bacterial and
fungal community compositions during vermicomposting of vegetable wastes by
Eisenia foetida. Bioresour. Technol. 150, 235-241. 20132013.

Crutchik, D., Rodriguez-Valdecantos, G., Bustos, G., Bravo, J., Gonzélez, B., and
Pabdn-Pereira, C. Vermiproductivity, maturation and microbiological changes

derived from the use of liquid anaerobic digestate during the vermicomposting of

40



Review of literature Chapter 2

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

market waste. Water Science and Technology, 82(9):1781-1794, 2020.

Trigo, D, and P. L. 1993. —Changes in Respiration Rate and Some
Physicochemical Properties of Soil during Gut Transit through AZZoZobophora
Molleri (Lumbricidae, Oligochaeta).l Biology and Fertility of Soils, 185-88.
19931993.

Jouni, F. Synergistic interaction earthworm-microbiota : a role in the tolerance and
detoxification of pesticides? 20192019. https://tel.archives-ouvertes.fr/tel-
02074579.

Hussain, N., Singh, A., Saha, S., Venkata Satish Kumar, M., Bhattacharyya, P.,
and Bhattacharya, S. S. Excellent N-fixing and P-solubilizing traits in earthworm
gut-isolated bacteria: A vermicompost based assessment with vegetable market
waste and rice straw feed mixtures. Bioresource technology, 222:165-174, 2016.
Hongbo, S., Liye, C., Gang, X., Kun, Y., Lihua, Z., and Junna, S. Detoxification
of Heavy Metals. Significance, 30(August):143-167, 2011.

Pramer, D., and Schmidt, E. L. Experimental Soil Microbiology. Soil Science,
98(3)1964.

Badhwar, Vinay Kumar; Singh, C. Cow dung and tea waste amendments enhance
the biotransformation of textile mill sludge into vermicomposts using Eisenia
fetida. 2021:1-20, 2021.

Seenappa, S. N., Post, H., and Hobli, B. Aerobic Sponge Method
Vermitechnology for Macro-Level Conversion of Organic Garbage Abstract :
1(4):442-454, 2011.

Bhat, S.A., Vig, A.P., Fusheng, L., Balasubramani, R., 2020. Earthworm Assisted
Remediation of Effluents and Wastes, Earthworm Assisted Remediation of
Effluents and Wastes. https://doi.org/10.1007/978-981-15-4522-1. 20202020.
Medina-Sauza, R. M., Alvarez-Jiménez, M., Delhal, A., Reverchon, F., Blouin,
M., Guerrero-Analco, J. A., Cerdan, C. R., Guevara, R., Villain, L., and Barois, I.
Earthworms building up soil microbiota, a review. Frontiers in Environmental
Science, 7(JUN):1-20, 2019.

Natal-da-Luz, T., Lee, I., Verweij, R. A., Morais, P. V., Van Velzen, M. J. M.,
Sousa, J. P., and Van Gestel, C. A. M. Influence of earthworm activity on
microbial communities related with the degradation of persistent pollutants.
Environmental Toxicology and Chemistry, 31(4):794-803, 2012.

Rorat, A., and Vandenbulcke, F. Earthworms Converting Domestic and Food

41



Review of literature Chapter 2

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Industry Wastes into Biofertilizer. Elsevier Inc.; 2019.

Aalok, A., Soni, P., and Kumar, A. Role of Earthworms in Breakdown of
Different Organic Wastes into Manure: A Review. Dynamic Soil, Dynamic Plant,
3(2):13-20, 2009.

Kaur, T. Vermicomposting: An Effective Option for Recycling Organic Wastes.
Organic Agriculture, 2020:1-17, 2020.

Sharma, S., Pradhan, K., Satya, S., and Vasudevan, P. Potentiality of Earthworms
for Waste Management and in Other Uses — A Review. The American Journal of
Science, 1(1):4-16, 2005.

Maity, S., Bhattacharya, S., Chaudhury, S., 2009. Metallothionein response in
earthworms Lampito mauritii (Kinberg) exposed to fly ash. Chemosphere 77,
319e324. 20092009.

Goswami, L., Sarkar, S., Mukherjee, S., Das, S., Barman, S., Raul, P.,
Bhattacharyya, P., Mandal, N.C., Bhattacharya, S., Bhattacharya, S.S., 2014.
Vermicomposting of tea factory coal ash: metal accumulation and metallothionein
response in Eisenia fetida (Savigny) and Lampito mauritii (Kinberg). Bioresour.
Technol. 166, 96-102. 20142014.

Das, S., Deka, P., Goswami, L., Sahariah, B., Hussain, N., and Bhattacharya, S. S.
Vermiremediation of toxic jute mill waste employing Metaphire posthuma.
Environmental Science and Pollution Research, 23(15):15418-15431, 2016.
Ndegwa, P.M., Thompson, S.A., Das, K.C., 2000. 2000. Effects of stocking
density and feeding rate on vermicomposting of biosolids. Bioresour. Technol. 71,
5-12. https://doi.org/ 10.1016/S0960-8524(99)00055-3. 20002000.

Mupambwa, H. A., and Mnkeni, P. N. S. Eisenia fetida Stocking Density
Optimization for Enhanced Bioconversion of Fly Ash Enriched Vermicompost .
Journal of Environmental Quality, 45(3):1087-1095, 2016.

Yadav, A., and Garg, V. K. Vermiconversion of biogas plant slurry and
parthenium weed mixture to manure. International Journal of Recycling of
Organic Waste in Agriculture, 5(4):301-309, 2016.

Sahariah, B., Sinha, I., Sharma, P., Goswami, L., Bhattacharyya, P., Gogoi, N.,
and Bhattacharya, S. S. Efficacy of bioconversion of paper mill bamboo sludge
and lime waste by composting and vermiconversion technologies. Chemosphere,
109:77-83, 2014.

Zhang, H., Li, J., Zhang, Y., and Huang, K. Quality of vermicompost and

42



Review of literature Chapter 2

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

microbial community diversity affected by the contrasting temperature during
vermicomposting of dewatered sludge. International Journal of Environmental
Research and Public Health, 17(5)2020.

Tajbakhsh J, Abdoli MA, Goltapeh EM, M. M. (2008). Recycling of spent
mushroom compost using earthworms Eisenia foetida and Eisenia andrei.
Environmentalist 28, 476-482. 20082008.

Swati, A., and Hait, S. A Comprehensive Review of the Fate of Pathogens during
Vermicomposting of Organic Wastes. Journal of Environmental Quality,
47(1):16-29, 2018.

Hussain, N., Das, S., Goswami, L., Das, P., Sahariah, B., and Bhattacharya, S. S.
Intensification of vermitechnology for kitchen vegetable waste and paddy straw
employing earthworm consortium: Assessment of maturity time, microbial
community structure, and economic benefit. Journal of Cleaner Production,
182:414-426, 2018.

Yoshizaki, T., Yoshihito, S., Hassan, M.H., Baharuddin, A.S., Abdullah, N.M.R.,
Sulaiman, A., Busu, Z., 2013. Improved economic viability of integrated biogas
energy and compost production for sustainable palm oil mill management. J.
Clean. Prod. 44, 1e7.

Lim, S.L., Lee, L.H., Wu, T.Y., 2016. . Sustainability of using composting and
vermi- composting technologies for organic solid waste biotransformation: recent
overview, greenhouse gases emissions and economic analysis. J. Clean. Prod. 111,
262e278.

Paul, S., Bhattacharya, S.S., 2012. Vermicomposted water hyacinth enhances
growth and yield of marigold by improving nutrient availability in soils of north
bank plain of Assam. J. Agric. Sci. Technol. 2, 1e11. 20122012.

Hanc, A., Chandimova, Z., 2014. . Nutrient recovery from apple pomace waste by
vermicomposting technology. Bioresour. Technol. 168, 240e244. 20142014.
Gupta, R., and Garg, V. K. Stabilization of primary sewage sludge during
vermicomposting. Journal of Hazardous Materials, 153(3):1023-1030, 2008.
Plaixats J, C. T. A. E. Chemical changes during vermicomposting (Eisenia fetida)
of sheep manure mixed with cotton industrial wastes. Biology and Fertility of
Soils, 6(3):266-269, 1988.

Banu Jr., Logakanthi S, V. G. (2001). Biomanagement of paper mill sludge using

an indigenous (Lampito mauritii) and two exotic (Eudrilus eugeniae and Eisenia

43



Review of literature Chapter 2

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

foetida) earthworms. Journal of Environmental Biology 22, 181-185. 20012001.

S. Suthar; S. Singh. Feasibility of vermicomposting in biostabilization of sludge
from a distillery industry.Science of The Total Environment2008, 394 (2-3), 237-
243.

Bhattacharya, S. S., Kim, K. H., Ullah, M. A., Goswami, L., Sahariah, B.,
Bhattacharyya, P., Cho, S. B., and Hwang, O. H. The effects of composting
approaches on the emissions of anthropogenic volatile organic compounds: A
comparison between vermicomposting and general aerobic composting.
Environmental Pollution, 208:600-607, 2016.

Sturzenbaum, S.R., Hockner, M., Panneerselvam, A., Levitt, J., Bouillard, J.S.,
Taniguchi, S., Dailey, L.A., Ahmad Khanbeigi, R., Rosca, E.V., Thanou, M.,
Suhling, K., Zayats, A.V., Green, M., 2012. Biosynthesis of luminescent quantum
dots in an earthworm. Nat. Nanotechnol. 8, 57e60.

Patel, A. B., Shaikh, S., Jain, K. R., Desai, C., and Madamwar, D. Polycyclic
Aromatic Hydrocarbons: Sources, Toxicity, and Remediation Approaches .
Frontiers in Microbiology , 112020.

Sisinno, C. L. S., Pereira Netto, A. D., Rego, E. C. P. do, and Lima, G. dos S.
[Polycyclic aromatic hydrocarbons in industrial solid waste: a preliminary
evaluation of the potential risk of environmental and human contamination in
waste disposal areas]. Cadernos de saude publica, 19(2):671-676, 2003.

Guo, Y., Laux, S. J., Burdier, M., Gao, P., Ma, L. Q., and Townsend, T. G.
Polycyclic aromatic hydrocarbons in processed yard trash. Waste Management &
Research, 38(8):825-830, 2020.

Guo, Y., Rene, E. R., Wang, J., and Ma, W. Biodegradation of polyaromatic
hydrocarbons and the influence of environmental factors during the co-
composting of sewage sludge and green forest waste. Bioresource Technology,
297:122434, 2020.

Wheatley, A. D., and Sadhra, S. Polycyclic aromatic hydrocarbons in solid
residues from waste incineration. Chemosphere, 55(5):743-749, 2004.

Sinha, R. K., Bharambe, G., and Ryan, D. Converting wasteland into wonderland
by earthworms - A low-cost nature’s technology for soil remediation: A case
study of vermiremediation of PAHs contaminated soil. Environmentalist,
28(4):466-475, 2008.

Contreras-Ramos, S. M., Alvarez-Bernal, D., and Dendooven, L. Eisenia fetida

44



Review of literature Chapter 2

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

increased removal of polycyclic aromatic hydrocarbons from soil. Environmental
Pollution, 141(3):396-401, 2006.

Ma, W. C., Immerzeel, J., and Bodt, J. Earthworm and food interactions on
bioaccumulation and disappearance in soil of polycyclic aromatic hydrocarbons:
studies on phenanthrene and fluoranthene. Ecotoxicology and environmental
safety, 32(3):226-232, 1995.

Contreras-Ramos, S. M., Alvarez-Bernal, D., and Dendooven, L. Characteristics
of earthworms (Eisenia fetida) in PAHs contaminated soil amended with sewage
sludge or vermicompost. Applied Soil Ecology, 41(3):269-276, 2009.

Robinson, T., McMullan, G., Marchant, R., Nigam, P., 2001. Remediation of dyes
in textile e?uent: a critical review on current treatment technologies with a
proposed alternative. Bioresour. Technol. 77, 247-255.
https://doi.org/10.1016/S0960-8524 (00)00080-8.

Jager T, Baerselman R, Dukeman E, De Groot AC, Hogendoorn EA, Jong AD,
Kruitbosch J, P. W. (2003). Availability of PAH to earthworms.

Menezes, A. B. De, Prendergast-miller, M. T., Macdonald, L. M., and Toscas, P.
1,2* ,. (March)2018.

Belfroid, A., Sikkenk, M., Seinen, W., Gestel, K.V., Hermens, J., 1994. . The
toxicokinetic behavior of chlorobenzenes in earthworms (Eisenia andrei)
experiments in soils. Environmental Toxicology and Chemistry 13, 93e99.
Cerniglia, C., 1993. Biodegradation of polycyclic aromatic hydrocarbons.
Biodegradation 3, 351e368.

Johnsen, A.R., Wick, L.Y., Harms, H., 2005. . Principles of microbial PAH-
degradation in soil. Environ. Pollut. 133, 71-84.

Juhasz, A., Naidu, R., 2000. . Bioremediation of high molecular weight polycyclic
aromatic hydrocarbons: a review of the microbial degradation of benzo(a)pyrene.
International Biodeterioration & Biodegradation 45, 57e88.

Goswami, L., Mukhopadhyay, R., Bhattacharya, S. S., Das, P., and Goswami, R.
Detoxification of chromium-rich tannery industry sludge by Eudrillus eugeniae:
Insight on compost quality fortification and microbial enrichment. Bioresource
Technology, 266:472-481, 2018.

Paul, S., Goswami, L., Pegu, R., and Sundar Bhattacharya, S. Vermiremediation
of cotton textile sludge by Eudrilus eugeniae: Insight into metal budgeting,

chromium speciation, and humic substance interactions. Bioresource Technology,

45



Review of literature Chapter 2

[91]

[92]

[93]

[94]

[95]

[96]

314(May):123753, 2020.

Gajalakshmi, S., and Abbasi, S. A., (2008). Solid waste management by
composting: state of the art, Critical Reviews in Environmental Science and
Technology, (CRC Press) 38, 311- 400.

Edwards, C. A., Norman, Q. A., Sherman, R., 2011. Vermiculture Technology,
Earthworms, Organic Waste and Environmental Management. CRC Press, pp. 17-
19.

Karthikeyan, M., Hussain, N., Gajalakshmi, S., and Abbasi, S. A., (2014b). Effect
of vermicast generated form an allelopathic weed lantana (Lantana camara) on
seed germination, plant growth, and yield of cluster bean (Cyamopsis
tetragonoloba). Environmental Science and Pollution Research, 21:12539-12548.

Parthasarathy, P., and Narayanan, S. K. Effect of Hydrothermal Carbonization
Reaction Parameters on. Environmental Progress & Sustainable Energy,
33(3):676-680, 2014.

Ghorbani, M., Sabour, M. R., and Bidabadi, M. Vermicomposting Smart Closed
Reactor Design and Performance Assessment by Using Sewage Sludge. Waste
and Biomass Valorization, 12(11):6177-6190, 2021.

Pareek, S., Mishra, M., and Raj, S. Sustainable organic waste management.

Compost Science and Utilization, 19(2):77, 2011.

46



	06_chapter 2

