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The safe disposal of organic solid waste (OSW) has been regarded as utmost concern in this period of
green economy and the concept of producing high quality fertilizers with an enriched nutrient content is
at present identified prospectively in many countries. When OSW are improperly disposed, considerable
amounts of nutrients which are locked in the OSW are reduced or lost. These valuable nutrients which
are lost might be recuperated through suitable biochemical technologies and employed as nutrient-rich
fertilizers in agricultural fields for maintaining soil fertility. This work aimed to review macro-nutrients
(N, P, K) and micro-nutrients (Ca, Mg, Na, Fe, Cu, Mn, Zn, B, Mo, S) recycling during biochemical con-
version technologies e.g. composting and vermicomposting of OSW for the production of fertilizer. This
work also elucidates the possible ways of enriching the nutrient content in vermicompost, the effects of
possible mechanisms on earthworms linking to nutrients enrichment and the quality assessment of
composts and vermicomposts in terms of nutrient content. Generally, it would appear that vermicom-
posts can have “added-value” characteristics since vermicomposting of OSW could efficiently amplify the
nutrients content and vermicomposts could be inferred as a superior organic fertilizer with high
nutritional content of agronomic importance in contrast to composts. The high nutrient content in
vermicompost could be explicated by earthworm gut-borne microorganisms which mixed with organic
matter (OM) during their passage in the intestine and those microorganisms consecutively have a vital
role in the biochemical alterations of nutritive elements. This review recommends the importance of
obtaining a comprehensive insight on the earthworm activity entailed in vermitechnology, especially the
mechanisms they accomplish for the nutrients enrichment. Conclusively, the need for further scientific
research aimed at outlining Mg and Na metabolisms by earthworm mechanism and also other trace
elements (Fe, Cu, Mn, Zn, B, Mo, S) in vermicomposting processes is greatly recommended which will
thus provide a meaningful direction for future study.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

In present time, the enhancement of living standards as a
consequence of its rapid economic development, world population
growth, large scale urbanization and changing lifestyle of com-
munities implied that the generation of solid waste has escalated
tremendously. In 2016, The World Bank (2019) stated that the
world's cities generated 2.01 billion tonnes of solid waste via do-
mestic, industrial and agricultural undertakings, which conse-
quently cause pollution, global climate change through methane
generation and eventually disturb the environmental system.
Disposal or environmental friendly management of growing
quantities of solid waste is becoming a serious problem worldwide
and is of prime concern with utmost priority. Usually, majority of
solid waste consists of organic solid waste (OSW) e.g. biodegrad-
able Municipal Solid Waste (MSW), animal dung, and crop residues
are disposed in ecologically unsustainable and conventional ways
for example open dumping, open burning, aerobic and anaerobic
digestion, incineration and sanitary landfilling techniques. These
disposal methods are not just costly but impractical due to un-
limited open space (Slater and Frederickson, 2001; Soobhany,
2018a), more stringent waste disposal regulations (Ndegwa and
Thompson, 2001), leaching and production of particulate matter
and release of toxic substances/gases from the wastes. The pro-
duction of certain toxic substances thereby cause public health and
environmental hazards by contamination of surface and ground
waters, soil and air pollution (Ilgen et al., 2008; Suthar and Singh,
2008a; Lou and Nair, 2009). Moreover, direct application of fresh
organic solid materials to soil is not recommendable since addition
of immature OSW to soil might influence plant development owing
to nitrogen deprivation, generation of toxic metabolites, too much
input of heavy metals, pathogenic bacteria and inorganic salts
(Wang et al., 2016a; Malinska et al., 2017). As a result of these
improper environmentally unhealthy waste disposal methods,
considerable amounts of organic and inorganic nutrients which are
locked in the OSW are reduced or lost (Ghosh et al., 2004; Zhang
and Sun, 2016; Meng et al., 2017). These valuable nutrients pre-
sent in OSW which are systematically lost, might be recuperated
through proper biochemical technologies and employed as
nutrient-rich fertilizers in agricultural fields for maintaining soil
fertility (Garg et al., 2006a) and land restoration practices at low-
input basis. Thus, considerable emplasis is being focussed on

adopting ecologically sound on top of economically sustainable and
socially acceptable tools which strenghthen potential recovery of
nutrients, with minimum pollution load. Notwithstanding, com-
posting is regarded as one of the prime techniques for the recovery
of valuable nutrient resources from OSW. Composting is a
controlled biological disintegration process wherein microbes
change the organic matter (OM) into a stabilized and sanitized
product and through which nutrients are biologically stabilized.
Very valuable and interesting reviews were done with regards to
composting topic (Fiileky and Benedek, 2010), compost natural
science (Insam and de Bertoldi, 2007) or composting technologies
(Shammas and Wang, 2009; Li et al., 2013) or encompassing several
basic associated problems e.g. the type of feed materials employed
(Shilev et al., 2007). Nonetheless, experimental analysis of nutri-
ents concentration and availability during composting or the rela-
tive efficiency of nutrient recovery was not the focal goal of those
previous literature evaluations. Also, the microorganisms which are
involved for nutrient's assemblage during the period of composting
are insufficiently emphasized, including the influence of the addi-
tion of nutritive materials and nutrients conservation for the gen-
eration of compost biofertilizers with higher quality. Scientific use
of compost generated from OSW can supply beneficial nutrients for
plant growth and improve soil fertility (Soobhany and Mohee,
2014; Soobhany et al., 2015a). However, the presence of insuffi-
cient or unbalanced nutrients can trim down the utility and
consequently, the quality of compost since the value of compost
generally relies on the content of nutrients. Besides, scientific and
technological questions arise which eventually necessitate an
enhancement in the composting practice and quality of the finish
material.

In recent years, the use of earthworms in OSW stabilization is
extensively urged as a better option than composting practices in
recycling the nutrients. Vermicomposting is a biological waste
management technology involving the combined action of earth-
worms and associated microflora (Dominguez, 2004; Suthar,
2010a) which proficiently transform different type of OSW and
complex organic substances into stabilized nutrient rich manure
(Benitez et al., 2000; Sinha et al.,, 2010; Pigatin et al., 2016) in
controlled environmental conditions (Aira et al., 2002). Even if the
biochemical process of degrading OM are mostly achieved by mi-
crobes, earthworms are the vital “eco-system engineers” of the
process as they hasten the transformation of OSW by maintaining
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aeration, ingesting solids, and expelling partially stabilized matter
as discrete particles/excreta. But still, it has earlier reported that
earthworms cannot survive in certain type of OSW, mostly indus-
trial wastes only (Garg et al., 2005) and thus require the addition of
organic wastes which are rich in nutrients for example cow dung
and biogas slurry (Suthar, 2006). It is noteworthy that the nutri-
tional value of vermicomposts is determined by some features such
as encompassing the earthworm species employed and the char-
acteristics of the OSW initially i.e., pH, moisture content (MC) and
C:N ratio. In comparison with thermophilic composting systems,
vermicomposting is increasingly seen as a better viable eco-
friendly technique with regards to process time, nutrients recov-
ery (Soobhany et al., 2015a) and phytotoxicity (Dominguez and
Edwards, 2011; Lim et al,, 2012). A few attempts have been made
on nutrient recovery during vermicomposting of OSW such as
distillery industry sludge (Suthar and Singh, 2008a), agricultural
wastes (Suthar, 2009a, b), bagasse (Pramanik, 2010a) and water
hyacinth (Varma et al., 2016). Soobhany et al. (2015a) studied the
recuperation of nutrients from organic MSW through both com-
posting and vermicomposting technologies on a lab-scale basis.
Interestingly, Ansari and Rajpersaud (2012) accounted that the
nutrient content fluctuated throughout the vermicomposting of
water hyacinth till end of process. As at present day, to the best of
available information gathered, no attempt has been embarked for
an intensive review on nutrient recycling during vermicomposting
of diverse OSW.

There is also dearth of review investigation to examine the
content of beneficial plant macro-nutrients and micro-nutrients
throughout vermicomposting as compared to composting pro-
cess. Owing to the inherent limitations of the individual processes,
the simultaneous application of both technologies is increasingly
getting attention in favor of the stabilization of various types of
OSW for reduced time of treatment process, minimized pathogenic
compounds (Ndegwa and Thompson, 2001; Nair et al., 2006;
Lazcano et al., 2008; Hait and Tare, 2011a, b; Soobhany, 2018b),
diminished level of heavy metals and better product quality
(Soobhany et al., 2015b). In addition, it is usually hypothesized that
the combined process has the potential of augmenting the level of
nutrients in the final product. Albeit some research works have
appraised the efficacy of the integrated method for biosolids sta-
bilization (Hait and Tare, 2011a, b; Ndegwa and Thompson, 2001),
no review article is available to scrutinize the nutrients content via
integrated composting-vermicomposting of various OSW in order
to have a comprehensive picture of the combined processes. Under
these contexts and to fill the gaps or critical issues, the present
review study is set to give a comprehensive account on the recovery
of a series of important macro and micro nutrients from various
OSW through composting and vermicomposting processes. A flow
diagram explanation of this work that has been reviewed is as
shown in Figure A.1 (Supplementary material). The present review
also sought to elucidate on the effects of possible mechanisms on
earthworms linking to nutrients enrichment and beneficial effect of
nutrient-enriched vermicompost. It is expected that this review
will be helpful in understanding the insight into the recovery of
essential nutrients in composting, vermicomposting and integrated
composting-vermicomposting technologies as well as providing a
solution for enhancing further the presence of certain nutrients in
the end products.

2. Biochemical conversion processes
2.1. Composting process

Composting of organic materials is an aerobic, microorganism-
mediated, spontaneous biological decomposition route comprising

the mineralization and fractional humification of OM, resulting in a
product which is stable and contamination-free for crop cultivation
(Bernal et al., 2009; Sanchez et al., 2017). Nowadays, composting
cannot be regarded as a novel technique, but among the waste
management strategies, it is getting attention as a proper choice for
OSW treatment method with ecological and economic profits as it
destroys or lessens possibility of pathogen propagation (Larney and
Hao, 2007). Composting is generally deemed efficient for decreasing
the mass of OSW and transforming it into a nutritious soil amend-
ment which is the compost, valuable for plants and soil fertility
(Awasthi et al., 2016a). Nonetheless, compost of excellent quality
must be generated to surmount the expenditure of composting. The
accomplishment of the composting practice, on the other hand, is
dependent on the achievement of the operating factors for product
value and environmental safety (Soobhany et al., 2014; Zhang and
Sun, 2018; Akdeniz, 2019; Shan et al., 2019). During the progres-
sion of composting, N compounds which are stable are produced
that are less vulnerable to volatilization, leaching and denitrification.
Thus, from an agricultural viewpoint, composts being a stabilized
material appear to represent a good supply of OM and elemental N
for soil. Composting of OSW rich in N content (e.g. kitchen waste,
animal manure) concurrently with OSW low in N content (e.g.
sawdust, dry leaves, straw, rice husk, newsprint) generates high-
quality fertilizer by regulating its MC and C:N ratio. Researchers
inferred that a mix of animal droppings and straw, relatively than
any of these constituents only, is hence suitable for composting (Zhu,
2007; Das et al., 2011). To operate successfully, composting neces-
sitates balanced conditions of C/N ratio, MC and exposure to air. For
ensuring the applicable conditions for the microbes to decay and
convert the OM (Gil et al., 2008; Shilev et al., 2007; Shammas and
Wang, 2009), the C/N ratio of the initial mix of feed materials
should be between 25 and 30. Similarly, for sufficient development
of microbes, moisture level of the input materials must vary between
55 and 65% as well as presence of oxygen should be guaranteed in
the compost piles to avoid anoxic areas all through the progression
(Shammas and Wang, 2009; Shilev et al., 2007). Niwagaba et al.
(2009) found that pathogenic bacteria are also eliminated in com-
posting owing to the high temperatures of the matrix and antago-
nism by the thermophilic microorganisms. The main disadvantages
associated with conventional thermophilic composting are the
extensive time of the method, turning frequency necessity of the
composting matriX, and heterogeneous nature of the product and
loss of nutrients throughout the process which restricted its use in
agriculture (Ndegwa and Thompson, 2001). Thus, supplementaion
with other nutrient additives and addition of microorganisms have
been suggested for increasing nutrients content in the compost.

2.2. Vermicomposting/vermiremediation process

Vermicomposting of OSW does not consist of a thermophilic
phase, but is mostly linked to the joint earthworm's metabolic ac-
tivity and mesophiles (Suthar, 2008a—c; Pramanik and Chung,
2011). In the recent years, vermitechnology is becoming promi-
nently as a most suitable substitute to traditional composting, as a
quick technique, easily controllable, energy saving, cost-effective,
zero waste process, and ecologically-green technique of gener-
ating natural fertilizer from OSW (Eastman et al., 2001; Lazcano
et al, 2008; Mupambwa and Mnkeni, 2018). Among various
biochemical conversion treatments, vermitechnology is established
as one of the greatest efficient way for the stabilization of complex
OSW (Ravindran et al., 2008; Goswami et al., 2014; Sahariah et al.,
2014; Bhattacharya and Kim, 2016). It is an acceptable method for
ingestion and digestion of OSW by earthworms, subsequently the
excretion of casts which involved the biological systems of earth-
worms for augmenting the intensity of nutrients in vermicompost
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(Venkatesh and Eevera, 2008), which is a nutrient-enriched soil
amendment (Pramanik, 2012; Soobhany et al., 2015a; Ghosh et al.,
2018; Bhat et al., 2018). Vermicompost is regarded as a good quality
fertilizer because of its homogeinity, low amount of contaminants
(Ndegwa and Thompson, 2001), more soluble state of minerals like
N, P, K and Ca by the worm's gut (Ali et al., 2012; Soobhany et al.,
2015c) which is more accessible to crops compared to those in
raw materials (Ndegwa and Thompson, 2000, 2001; Atiyeh et al.,
2002; Hait and Tare, 2012). In addition to having plant growth
hormones as well as soil enzymes, vermicompost holds nutrients
for an extensive period without poorly affecting the atmosphere in
contrast to ordinary compost (Soobhany et al., 2015a). Many re-
searches have demonstrated the capability of epigeic (surface
dwelling) species of earthworm such as Eisenia fetida (Savigny),
Perionyx excavatus (Perrier), and Eudrilus eugeniae (Kinberg) to
process an extensive variety of OSW. Previous works have
confirmed that these earthworm species may well mix substrates,
hasten mineralization and stabilization of OSW all through the bio-
oxidation phase (Ndegwa and Thompson, 2001; Khwairakpam and
Bhargava, 2009), concentrate nutrients in their casts and speedily
break down OSW into humic biofertilizers (Bhattacharya and
Chattopadhyay, 2002; Suthar, 2006; Gupta and Garg, 2008;
Soobhany et al., 2015b; Sharma and Garg, 2018). Earthworms are
also found to maintain aerobic conditions, fragment the substrate
therefore augmenting the surface area for microbial organisms
(Lavelle et al., 2006; Suthar, 2008a), release coelomic fluids for
eliminating bacteria existent in the waste, resulting in a pathogen
and odor free vermicompost (Soobhany et al., 2017a; Soobhany,
2018b). Thus, the biological, chemical and physical characteristics
of OSW are altered via the joint accomplishment of earthworms
and microorganisms during vermiremediation process. Recent
research demonstrate that earthworms has the ability in enhancing
mineralization of non-organic substances like fly ash and rock
phosphate in composts resulting in higher nutrient availability
(Bhattacharya and Chattopadhyay, 2002; Unuofin and Mnkeni,
2014).

In contrast to conventional composting, vermicomposting often
results in a better quality homogenous product with reduced mass,
shorter processing time, high humus content, reduced phytotox-
icity and greater fertilizer value in the microbiologically active
manure, i.e., vermicompost (Soobhany et al., 2015b). Biochemical
conversion of the waste materials through vermitechnology pro-
duces two beneficial outcomes: the earthworm biomass and the
vermicompost as compared to traditional waste processing.
Generally, it would appear that vermicomposts can have “added-
value” characteristics, mostly related to its high nutritional content
of agronomic importance as compared to composts (Gomez-
Brandon et al., 2011). However, it has been examined that the
biochemical processes are affected by microbial decomposition of
substrate in the intestines of the earthworms (Ndegwa and
Thompson, 2000). The main disadvantages associated with ver-
micomposting are temperature limits due to earthworm low heat
tolerance, care/high maintenance, pathogen problems and cost.
Vermicomposting is more expensive to set up than regular compost
piles or batch composters as vermicompostig needs special mate-
rials to start, such as plastic or metal containers and earthworms.

2.3. Integrated composting-vermicomposting process

Owing to intrinsic drawbacks of the sole system, the integration
of both composting and vermitechnology is gradually getting
importance in achieving stabilized final outcome (Tognetti et al.,
2007) as well as a proficient means in generating a sanitized
product (Soobhany, 2018). Some research workers have studied
stabilization of some OSW by integrated composting-

vermicompostimg process (Hait and Tare, 2011a,b; Lazcano et al.,
2008; Soobhany et al., 2015a—c). Decontamination of some OSW
(Ndegwa and Thompson, 2001) as well as a decrease in heavy
metals are allowed by a combined composting-vermicomposting
process (Fornes et al., 2012; Wang et al., 2013; Song et al., 2014;
Soobhany et al., 2015b,c; Bakar et al., 2015; He et al., 2016). The
chronological arrangement of composting followed by vermi-
technology moreover produces a much finer final outcome (ver-
micompost) with a homogeneous distribution in materials size
(Ndegwa and Thompson, 2001) in addition to an increment in
nutrients concentrations (Soobhany et al., 2015a; Swarnam et al.,
2016). Furthermore, addition of earthworms to the composting
matrix subsequent to the thermophilic stage makes the waste
management strategy more cost-efficient. Vermicompost market
managed to increase sales by 24.89%—38.09 M USD worldwide in
2015 (Vermicompost Market, 2019) in contrast to composts
(Edwards et al., 2011).

3. Nutrients concentration and availability during
composting

The crucial nutritive elements are classified into two groups:
macro-nutrients (nitrogen (N), phosphorus (P), potassium (K)) (De
Bertoldi et al., 2007; Sindhu et al., 2017), and micro-nutrients
(calcium (Ca), magnesium (Mg), sodium (Na), iron (Fe), copper
(Cu), manganese (Mn), zinc (Zn), boron (B), and molybdenum
(Mo)). According to De Bertoldi et al. (2007), Ca falls somewhere
between macro and the micro-nutrients. The presence of Ca is
essential to counteract the effects of alkali salts and organic acids
(Montejo et al., 2015). Some authors reported N as Total Nitrogen
(TN) while others reported N as Total Kjeldahl Nitrogen (TKN). It is
notable to illuminate that TN is the sum of nitrate-nitrogen
(NO3—N), nitrite-nitrogen (NO,—N), ammonia-nitrogen (NH3—N)
and organically bonded nitrogen whereas TKN is the sum of
ammonia-nitrogen plus organically bound nitrogen but does not
include nitrate-nitrogen or nitrite-nitrogen (Hill Laboratories,
2018). At the present time, supplementation of these vital plant
nutritive elements is mostly achieved by the use of chemically
synthetic fertilizers. However, these inorganic chemicals simply
supplement minerals to plants but do not offer stabilized OM in
enhancing equilibrity of soil. Besides, unselective use of agro-
chemicals has incited detriments in soil fertility and loss in its OM
content. The concentration of nutrients in composts is most of the
time adequate but varies among sources attributable to diversity in
OSW and progressing technologies. Table 1 summarized published
works which revealed how the nutrients content of feedstocks is
altered by composting technology.

3.1. Macro-nutrients (TN or TKN, TP or available P, TK)

In general, the TN concentration rises during composting which
is caused by the concentration effect, the total reduction in dry
mass with regard to CO,, and water lost by evaporation owing to
high temperature liberation throughout oxidation of macrobiotic
materials. The typical range of TN in compost is 1.0—3.0% dry
weight (DW) (Lakhdar et al., 2009). Reporting compost with
effective fertilizing capabilities and for proficient use in cultivation
of the soil for the growing of crops, the TN content should be above
1% DW (Barker, 1997). However, if compost holds less than 1% TKN,
extra N fertilizer or addition of bentonite (Li et al., 2012) will be
needed if the compost is to be used as a soil conditioner. Compost
containing TN content above 3% is typically designated as immature
and ammoniacal such as ammonical nitrogen (NHZ-N) (Varma
et al., 2016). According to Costa et al. (2015), a decrease in TKN
content in composting is related to the characteristics of the
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Table 1

Research indicating how the concentration of nutrients is affected by composting.
Source Materials (C) Parameter Change in nutrient conc. Authors
Cattle deep litter TKN, TP, TK Sommer (2001)
Pig manure + cornstalks TN, TP, TK, Na Tiquia et al. (2002)
Pig manure + bentonite TKN,TP, Av. P, TK Li et al. (2012)
Organic wastes from different sources Av. P Wei et al. (2015)
Sheepbedding + cattle manure TKN, P, K Costa et al. (2015)

Broiler litter

Pig manure + medical stone

Green waste with addition of seaweed + bentonite
Sewage sludge + wheat straw biochar

Household organic waste

Weed + cow dung + saw dust + biochar

Sewage sludge + Arundo donax biomass

TKN

TKN, TP, Av. P, TK, TNa
N, Av. P, K, Ca, Mg

TN, TP, TK, Na, Ca

TN, P, K

TN,TP, TK, Ca, Mg, Na, Cu, Fe, Mn, Zn

TKN,TP, TK, Ca, Mg, S, Fe, Cu, Mn, B, Mo

McLaughlin et al. (2015)
Wang et al. (2016a)
Zhang and Sun (2017)
Awasthi et al. (2017)
Vazquez and Soto (2017)
Jain et al. (2018)
Pelegrin et al. (2018)

PEEPEPEIIBPBAR

TN = total nitrogen; TKN: total kjeldahl nitrogen; TP = total phosphorus; TK = total potassium; Av. = Available.
Note: C = Composting; A = signifies an augmentation in nutrients content; R = signifies a reduction in nutrients content.

residues used (Chen et al., 2010), frequency of turning, and envi-
ronmental conditions. Storino et al. (2016) found that the presence
of meat waste as raw feedstock for composting can improve the
activity of the process and maturity of the compost obtained,
increasing N, K and Mg content. Total P (TP) and available P content
demonstrated a growing trend with composting time which could
be attributable toward the enrichment effect of the OM decom-
position (Li et al., 2012; Vazquez and Soto, 2017; Jain et al., 2018).
Mature composts contained different concentrations of available P
(Wei et al., 2015) which is attributed to the characteristics of the P
fractions from assorted OSW. As earlier reported by Hargreaves
et al. (2008), TP in MSW was found to be between 5 and
35gkg~! DW and in theory, TP content in soil shall be over 0.2 mg/L
for crop requirement. Vazquez and Soto (2017) reported high in-
crease of available P (1.4%) and higher in K (3.0%) when compared
to the recommended values in the Spanish rule RD 506/2013 (BOE,
2013). This rule recommends >1% content for each nutrient,
expressed as N, P,0s5 and K»0, and that the sum for the set of three
nutrients exceeds 4%. Regarding total K (TK), typical array of this
element in compost is from 0.6 to 1.7% DW (Paul et al., 2018).
Bioavailability of K was examined to diminish in composting
feedstocks over time (2.38—7.21 folds) which might be owing to the
readily leached solubilized K fractions (Paul et al., 2018).

3.2. Micro-nutrients (Ca, Mg, Na, Fe, Cu, Mn, Zn, B, Mo)

Composts contain Ca and Mg which usually react as bases when
they are found as carbonates, hydroxides and oxides. Once these
oxides of Ca and Mg are added to soil, they hamper soil acidification
thereby causing soil nutrients further accessible to crops (Qadir and
Oster, 2004). The Ca content in various OSW compost was found to
be in the range of 1.0—4.0% DW and the distinctive range of Mg
content is 0.2—0.4% DW (Lakhdar et al., 2009). A decrease in Na
content during composting of pig manure and cornstalks was noted
by Tiquia et al. (2002). From this review study, it is shown that there
has been little information available on Na content in the past few
years. Seaweed (Ulva ohnoi) and bentonite have been analysed to
contain ample amounts of micro-nutrients, which has the potential
to boost up the nutrient concentration in compost (Li et al., 2012;
Kuwada et al., 2006). Recent study by Zhang and Sun (2017)
confirmed that micro-nutrients (Fe, Zn, Mo, Cu, B, Mn) in the
composting product were augmented through the addition of 35%
seaweed and 4.5% bentonite to green waste. The increase in cation
exchange capacity values with the supplementation of seaweed
and bentonite could also enlighten the high content in micro-
nutrients content (Zhang and Sun, 2014, 2016). However, in the
past few years, there has been very little scientific research which

has been carried out with regard to the presence of micro-nutrients
(Fe, Cu, Mn, Zn, B, Mo) during composting of various OSW. Thus, in
this line, there is a prospective demand in research in terms of
availability of these micro-nutrients during composting.

3.3. Nutrient loss during composting

Quantification of the amount of nutrient loss is imperative in
comprehending the composting route, and in support of devel-
oping lucrative methods for nutrients conservation so as to mini-
mize probable adverse environmental impacts. When the
temperature rises throughout the thermophilic stage of the com-
posting route, NHs loss rises too and while the C/N ratio decreases
below 18, the microbes convert the N into a higher level, supporting
its volatization (Sanchez et al., 2017). The variation of N loss vola-
tilization depends on the balance of existing carbon and oxygena-
tion level. Several factors (C/N ratio, exposure to air, pH,
temperature, and mixing) contribute to N loss through NHs-vola-
tilization (Parkinson et al., 2004; Shilev et al., 2007; Li et al., 2012;
Jeong and Kim, 2001; Jiang et al., 2014; Yang et al., 2015; Awasthi
et al.,, 2016a). Consequently, insufficient decomposition of OM
produces low compost quality with low nutrient concentration
(Chen et al., 2010; Chan et al., 2016), generates health and envi-
ronmental problems. N loss was found to be 20—77% (Tiquia and
Tam, 2000), and 37—60% with no significant effect from turning
(Tiquia et al., 2002). Leaching is also a principal factor in N loss from
compost and reported to be around one fifth of the total N losses
relying on rainy circumstances (Sommer, 2001; Sun et al.,, 2018). N
losses through composting can also happen by denitrification
which results from the development of anaerobic microsites in the
composting matrix. Sommer (2001) reported that less than 0.3% of
the total-N was released as N,O. Besides N, other nutrients like P, K,
and Na were found to be lost all through composting, which might
be owing to leaching and runoff. P and K losses were 23—39% and
20-52% of its respective initial value, whilst Na loss was in the
range of 32—53% of the initial Na (Tiquia et al., 2002). K loss was
11-16%, and P loss was about 2% from composting (Sommer, 2001).
These factors would lessen the efficacy of compost as a highly
nutritive source for plants and could cause environmental threats.
Still, an eventual demand in research is needed to confirm P, K, and
Na losses during composting processes.

3.3.1. Nutrient conservation approaches during composting

Quite a few approaches are being researched for conserving the
amount of nutrients during the composting process, consequently
promoting to augment the end level of this nutrient in the compost
before its application to plants. These approaches consisted; (1)
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addition with nutrients-rich substances, (2) bioaugmentation with
nutrients converting bacteria, (3) addition of bacteria in the com-
posting matrix (Sanchez et al., 2017), (4) reducing excessive feeding
levels of the nutrients, (5) using feed materials which are more
palatable and accessible, preparing methodically toward the ulti-
mate protein amount for the mixing, (6) utilizing crystalline amino
acid addition to decrease largely nutritional protein amount, (7)
supplementing phytase to the composting matrix for enhancing the
accessibility of the nutrients e.g. P, (8) adding bulking agents for
example rice hull, peat moss, or sawdust to composting substrates
conserved nutrients (particularly N) in the compost (Bernal et al.,
2009) since bulking agents regularly hold high water and cation
absorption abilities, and (9) adding biochar as a supplementary
waste material or bulking agent to compost piles reduces NH3; and
N>O emissions (Knowles et al., 2011; Wang et al., 2013) and
enhanced nutrient use efficiency (Dias et al., 2010; Awasthi et al.,
2016b). When compost is complemented by nutrients or by
means of nutrient-converting microbes, the improved bio-input
achieved provides extra lasting advantages at the moment of its
addition to soil. However, addition of wood N biochar during the
composting of OM did not provide sufficient quantities of macro-
nutrients and micro-nutrients in the final product (Glaser and
Birk, 2012; Sanchez-Garcia et al., 2015). In this sequence, it is
required to add mineral and organic compost to smooth the
progress of plant development (Schulz and Glaser, 2012; Soobhany
et al., 2017c). Inoculating straw biochar to pig dung considerably
raised the content of P, K, Ca, and Mg (Zhang et al., 2016a). Limited
data are available to support compost enrichment by the inocula-
tion of biochar not exclusively with P, K, Ca, and Mg but also with
other trace elements such as Na, Fe, Cu, Mn, Zn, B, Mo, S (Sanchez
et al,, 2017). Thus, studies on compost with regard to nutrient
conservation, supplementation, and addition with nutrient con-
verting microbes could be carried out as a future challenge to make
the final product of the composting system valuable in nutritional
properties.

3.3.2. Control and reduction of N-losses during composting

The generation of compost having an elevated level of nutrient
demands the direction and diminution of nutrient losses
throughout the composting process. Rutgers static pile composting
system has proved to be an excellent technique designed for less-
ening N-losses all the way during NHs-volatilization as well as
generating an N-enriched organic fertilizer with an elevated con-
tent in TN and NO3—N (Bernal et al., 2009). Losses via leaching
could be receded effortlessly by managing the MC of the com-
posting matrix and by a satisfactory composting technique with a
designed wrap for restraining rain penetration and an arrangement
for leachate recuperation and recirculation inside the composting
substrates (Bernal et al., 2009). Special consideration was drawn to
the importance of employing an ample bulky material with
decomposable organic-C to augment original N concentration
thereby reducing N-losses (Liang et al., 2006; Bernal et al., 2009).
pH is pertinent for regulating N-losses through NH3 volatilization,
which might be predominantly elevated at pH > 7.5. In this case,
elemental sulphur (5°) was requested like an effective alteration for
preventing extremely greater pH values in the composting system
(Mari et al., 2005). Sommer (2001) reported that wrapping the
compost heap by means of a permeable tarpaulin diminished
emanation losses near 12—18% of TN throughout composting of
deep debris. The formation of struvite crystals through the adding
up of Mg and P salts is a practical strategy that has been developed
to reduce N-losses in the final compost (Jeong and Hwang, 2005;
Jeong and Kim, 2001; Lee et al., 2009; Wang et al., 2016b) or rela-
tively recent strategy like the addition of ammonia bacteria for
reducing N volatilization during composting (Xie et al., 2012; Zhang

et al., 2016b) as presented in Table 2. However, the optimal salt
contents to circumvent the N volatilization exclusive of influencing
the composting process itself has not yet been determined till date.
Thus, research targeted on discovering the most suitable method
for N preservation is entailed so that compost with utmost N
content at the final stage of the process could be attained. The
inoculation of adsorbing substances to the compost is a new
approach for dropping N volatilization such as dipotassium phos-
phate (Hu et al., 2007), biochar (Hua et al., 2009) and medical stone
(Wang et al., 2016a). Special attention has also been drawn to the
inoculation of manure from animals (Gil et al., 2008; Soobhany
et al.,, 2015a) and other nitrogenous materials i.e. cereals husks,
vegetable scraps, coffee grounds and oilseed cakes to raise N con-
tent in the compost. Still, questions on the appropriate strategy to
attain high N levels at the final stage of the composting practice are
still being raised. Particularly, it is difficult in ascertaining the cor-
rect content of N in the final compost since it relies on its appli-
cation as a plant growth media which mostly depends on the crop
nutritional needs and characteristics of soil.

4. Relative efficiency of nutrient recovery

The relative efficiency of nutrient recovery (CEng) in compost
and vermicompost generated by various OSW methods is a
fundamental guideline of nutrient recuperation in unit time of the
biochemical conversion processes in respect of P, K and N in
contrast to the control. The relative efficiency of nutrient recovery is
as stated by Swarnam et al. (2016):

Relative efficiency of nutrient recovery (CEnr) = RRt/RRc

Where, RRt: recovery rate of ‘ith’ nutrient (i=P, K and N) in't’
treatment.

RRc: recovery rate of nutrient in control.

The recovery rate (RRt) is computed by

Recovery rate (RRt) = [(Nei/Ng)/D] x 100

Where, Ngi: ‘ith’ nutrient content of end product from composting,
Ng: ‘ith’ nutrient content in the initial feedstock materials, D:
duration of composting.

Utilization of this guideline is reasonable since nutrient recu-
peration from certain OSW e.g. coconut husk is too little owing to
large level of lignin, broad-ranging C/N ratio and slow speed of
degradadtion. Hence, high correlative nutrient level will designate
the effectiveness of biochemical processes in nutrient recuperation
which as well reports the time demanded for composting and/or
vermicomposting. The largest relative efficiency of nutrient re-
covery in vermicompost prepared from coconut husk mixed with
animal dung by Swarnam et al. (2016) was found to be 2.03 for P,
1.39 for N and 1.20 for K. P showed the highest relative efficiency of
recovery as P was dissolved via earthworms’ guts and initial high P
level in the animal dung.

5. Nutrients concentration and availability during
vermicomposting

Generally, the overall nutrient status in vermicompost relies on
the composition of the feed materials and fraction of these various
feed materials are employed as food source for earthworms (Garg
et al., 2006b). Swarnam et al. (2016) disclosed substantial incre-
ment in nutrients concentration of the final vermicompost than the
original feedstocks which might be owing to the disintegration and
mineralization of feed substrates by the joint earthworm's meta-
bolic activity and mesophiles. Throughout the passage of materials
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Table 2
N conservation strategies on composting.

Strategy Principle

Remarks References

Precipitation
phosphorus and magnesium salts

Addition of sawdust mixed with KH,PO4 to adsorb
ammonia
Adding 9% bamboo biochar (w/w) to sewage sludge

Adsorption

Addition of biochar to adsorb ammonia
Addition of medical stone to the compost

Oxidation of ammonia
form nitrites
Addition of ammonia oxidizing bacteria

Modification of
Physicochemical
variables

size, pH, moisture)

Ammonia precipitation with struvite crystals formed by

Addition of ammonia oxidizing enzymes from archaea to

Control of composting conditions (temperature, particle

Final concentration of N: 1.4% Jeong and Kim
(2001)
Reduction of the loss of N from 44.3% to 27.4%; lime addition Wang et al.
reduces salinity (<4 dS/m) (2016b)
Ammonium increases up to 1.5% Jeong and
Hwang (2005)
Lee et al. (2009)
Wang et al.
(2013)
Reduction of the evaporation rate down to 13% compared to Hu et al. (2007)
the control, which had a 38% rate

Decrease amount of N loss during the composting process by Hua et al. (2009)
64%

Final concentration of up to 1.49% TN
Reduction of N loss from 40% to 23.3%

Reduction of the loss of N from 52% to 20% Wang et al.
(2017)

Decrease of ammonia (from 48.8% to 27.9%) and N,O (from  Wang et al.

85.3% to 46.6%) emissions (2016a)

Decrease of the losses of N as NH3 (from 17.95% to 3.21%) and Xie et al. (2012)
NO; (from 8.73% to 4.49%)

Reduction of N losses from 53.83% to 47.08% Zhang et al.
(2016b)

Total N increased by 3.2% at the end of the process Bueno et al.
(2008)

Adapted from Sanchez et al. (2017).

in the worm gut, various nutritive elements available in the OSW
are transformed by micro-organisms and enzymes into more
suitable forms for plants, thus augmenting nutrient level in ver-
micomposts (Garg et al., 2012; Aira et al., 2007). Tables 3 and 4
showed some past and present research which indicated how the
concentration of nutrients is influenced by vermicomposting and
pre-composting followed by vermicomposting respectively. Most
vermicomposting processes of different OSW whether past or
recent research demonstrated an increase in nutrient concentra-
tions. However, few vermicomposting treatments from past studies
showed a decrease in nutrient concentrations.

5.1. Macro-nutrients

The rise of macro-nutrients during vermitechnology might be
reckoned owing to a change in microbial activity and pH on the OM
whilst going across the earthworm's gut (Varma et al.,, 2016). In an
experimental research, Das et al. (2016a) observed considerable
increase in macro-nutrients (exchangeable K, TN, available P)

Table 3

Research indicating how the concentration of nutrients is affected by vermicomposting.

during vermicomposting of water hyacinth, wood dust and rice
straw) by Eisenia fetida jointly with the addition of beneficial mi-
crobes. In addition, Das et al. (2016a) reported that the joint action
of earthworms and microbes produce a macro nutrient-enriched
product. TP and K contents were found to increase from its
respective initial value and this delineated an augmention of 593% P
and 38% K (Swarnam et al., 2016). The nutrient level (exclusive of N)
in vermicompost was found to be 2.1-2.4 times its initial amount in
the vermicomposting feedstocks (Yadav et al., 2010).

5.1.1. TN or TKN

TN or TKN concentration in vermicompost is principally reliant
on the primary N content of OSW used as organic waste supply to
earthworms and on the extent of waste degradation sub-system
(Kaushik and Garg, 2003; Suthar, 2009a). Recent research by
Sharma and Garg (2018) revealed that OSW having lower N value
usually had higher N value after vermitechnology. Vermi-
composting process indicates the positive role of earthworms in
enhancing N mineralization of OSW whereby the ammonium N is

Source Materials (V) Earthworm species used

Parameter Change in nutrient Authors

conc

Distillery industry sludge + cow dung Perionyx excavatus

Industrial sludge + cow dung E. fetida
Agricultural wastes E. fetida
Bagasse + coir E. fetida
Bio sludge + cattle dung E. fetida
Sewage sludge E. fetida

Different organic wastes + microbes E. fetida

Water hyacinth E. fetida + Eudrilus eugeniae + Perionyx
excavatus

Pruning litters + cattle Eudrilus eugeniae

manure + leaves

Water lettuce + cow dung E. fetida

TKN, Av. P, Exc. K, Exc. Ca, Exc. A Suthar and Singh
Mg (2008a)

TKN, TP, TK, TCa, TNa A Yadav and Garg (2009)
TKN, Av. P, Exc. K, Exc. Ca A Suthar (2009b)

TKN, TP, TK A Pramanik (2010a)

TN, P, Ca A Singh et al. (2010)

K R

TN, TP A Hait and Tare (2011a)
TN, Av. P, Exc. K A Das et al. (2016a)
TKN, Av. P, K, Ca, Mg, Na A Varma et al. (2016)
TP, TK, TCa A Pramanik et al. (2016)
TKN, TP, TK, TCa A Suthar et al. (2017)

TN = total nitrogen; TKN: total kjeldahl nitrogen; TP = total phosphorus; TK = total potassium; TCa = total calcium; TNa = total sodium; Exc. = Exchangeable; Av. = Available.
Note: V = Vermicomposting; A = signifies an augmentation in nutrients content; R = signifies a reduction in nutrients content.
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Table 4
Research indicating how the concentration of nutrients is affected by pre-composting followed by vermicomposting.
Source Materials (C + V) Duration of pre- Earthworm species used Parameter Change in Authors
composting process nutrient conc
Industrial sludge + biogas plant slurry NA E. fetida TKN, TP A Sangwan et al.
TK R (2008)
Paper waste + cow dung 21 days E. fetida TKN, TP, TK A Gupta and Garg
(2009)
Source-separated human faeces + soil + bulking 1 week E. fetida TN R Yadav et al.
material P, K, Ca, Mg, Na A (2010)
Urban green waste NA E. fetida + Eudrilus TKN, TP, K, Ca, Mg A Pattnaik and
eugeniae + Perionyx excavatus Reddy (2010)
Industrial sludge + bulky agents 3 weeks E. fetida TKN, Av. P, Exc. K, Exc. A Suthar (2010a)
Ca, Mg, Fe, Zn
Vegetable waste + cow dung 2 days E. fetida TKN, TP, TK A Garg and Gupta
(2011)
Weed + cow dung 3 weeks E. fetida TN, Av. P, TK, TCa A Yadav and Garg
(2011a)
Food industry sludge + cow dung + poultry 4 weeks E. fetida TKN, TP, TK, Ca, Na A Yadav and Garg
droppings (2011b)
Sewage sludge NA E. fetida TN, TP A Hait and Tare
(2012)
Wastewater sludge + plant wastes 3 weeks E. fetida TKN, Av. P, A Suthar et al.
Exc. K (2012)
Food industry sludge + weeds + cow dung 3 weeks E. fetida TKN, TP, TK, TCa A Yadav and Garg
(2013)
Leaf litter + cow dung 3 weeks E. fetida Exc. K R Suthar and
TKN, TP, TCa A Gairola (2014)
Apple pomace waste + straw 14 days E. fetida TKN, TP, TK, TMg A Hanc and
Chadimova
(2014)
Corn stalk + cow manure + paper 30 days E. fetida TKN, TP A Kharrazi et al.
(2014)
Animal manure + mushroom residues 20 days E. fetida TKN, TP, TK A Song et al. (2014)
Organic fraction of MSW + cow dung 3 weeks E. fetida TKN, TP, TK A Suthar et al.
(2015)
Organic MSW 16 days Eudrilus eugeniae TKN, Av. P, TK, Ca, Mg, A Soobhany et al.
Na (2015a)
Coconut husk + either pig slurry or poultry manure 3 weeks Eudrilus eugeniae TN, TP, TK A Swarnam et al.
(2016)
Vinasse + cow manure + bagasse + natural zeolite 3 weeks E. fetida TP A Alavi et al. (2017)
TK R
Tea factory waste + cattle manure 1 week Eudrilus eugeniae TKN, TP, TK A Ghosh et al.
(2018)
Silk industry waste + cow dung 4-5 days E. fetida + Eudrilus eugeniae TKN, Av. P A Paul et al. (2018)
Av. K, Av. Ca R
Distillery sludge waste + tea leaf residues 40 days E. fetida TKN, TP, TK, Av. P, Av. K, A Mahaly et al.
TCa, TMg (2018)
Rice straw + paper waste 3 weeks E. fetida TKN, TP, TK, TNa A Sharma and Garg
(2018)
Paper mill wastewater sludge + cow dung + brown- 1 week E. fetida TKN, TP, TK A Negi and Suthar
rot fungi Oligoporus placenta (2018)
Bakery industry sludge + cow dung 3 weeks E. fetida TKN, TK, TCa A Yadav et al., 2019

TN =total nitrogen; TKN: total kjeldahl nitrogen; TP =total phosphorus; TK=total potassium; TNa=total sodium; TCa=total calcium; TMg = total magnesium;
Exc. = Exchangeable; Av. = Available; NA: Not available.
Note: C + V = pre-composting followed by vermicomposting; A = signifies an augmentation in nutrients content; R = signifies a reduction in nutrients content.

maintained in the nitrate form (Yadav and Garg, 2011b; Atiyeh et al.,
2000). Vermicomposting technology has been reported to cause
sharp increase in TN or TKN contents of feed materials after worm
process (Aira et al., 2007; Khwairakpam and Bhargava, 2009;
Suthar et al., 2015; Negi and Suthar, 2018). This relative enriched N
concentration is directly connected to the physico-chemical nature
of OSW (Suthar et al., 2012) and reduction in dry mass of OSW
owing to higher degree of decomposition (Gupta and Garg, 2008).
Few studies reported that the addition of microorganisms during
vermicomposting into OSW increases TKN of the vermicompost,
but their outcome differs extensively relying on the nature of the
materials (Pramanik, 2010a; Kharrazi et al., 2014). The difference
for N level in vermicompost might be connected to the presence of
metals in substrates which straightly influences the N mineraliza-
tion rate as advocated by Suthar and Singh (2008a). As reported by
Das et al. (2016a), the TN increase rate in vermicompost from its

equivalent OSW correlated with the C/N ratio of the parent sub-
strate. The correlative rise in TN concentration all through vermi-
technology was found to be due to the reduction in organic carbon
in respect of CO, through microbial respiration (Huang et al., 2004;
Plaza et al., 2008; Varma et al., 2016), and evaporative humidity loss
owing to environmental circumstance (Hait and Tare, 2011a). A
concentration outcome originated from the mass loss of heaps
during mineralization of C-rich materials containing proteins also
contributed to N increment during vermicomposting (Fornes et al.,
2012). Activities of N-fixing microscopic organism by the earth-
worm's enteric microflora contributed to an increase in TKN (Paul
et al., 2018). Earthworm's metabolic activities during mineraliza-
tion of OM (Suthar, 2007) and simultaneous supply of N by worms
as growth stimulating hormones, mucus, nitrogenous excreta, and
enzymes in OSW mixtures increased TN content in vermicompost
(Tripathi and Bhardwaj, 2004b; Karmegam and Daniel, 2009).
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Decrease in pH might be one more imperative indicator in N
preservation by vermicompost and if not; N could be lost as NH3 at
elevated pH values (Yadav and Garg, 2011b). Most of the previous
studies reported an increase in TN after vermicomposting process
of various OSW but however, a research conducted by Yadav et al.
(2010) reported that N was lost during the biodegradation phase.
A quite similar study by Benitez et al. (1999) noted that 36% N
content was discharged in sewage sludge vermicomposting. In
general, TN content in vermicompt was found to be ranged from 1.5
to 2.7% (Padmavathiamma et al, 2008). Vermicomposting
increased TKN content (30.5—51.29%) in treated hard stem leftover
wastes from pruning of tea plantation (Pramanik et al., 2016). Also,
vermicomposting increased TN content (19.5—152%) in agricultural
residues (Pigatin et al., 2016) and (300%) in coconut husk (Swarnam
et al., 2016). Sharma and Garg (2018) accounted 1.2—2.9-folds in-
crease in TKN content during vermicomposting and quite similar
increase in TKN was observed by other authors on various OSW
(Kaushik and Garg, 2004; Garg et al, 2006a; Sudkolai and
Nourbakhsh, 2017; Suthar et al, 2017). Hait and Tare (2011a)
noted that during composting of sewage sludge, TN increased in
the range of 15.2—49.5% whereas TN showed a greater increase
during vermicomposting (31.3—90.0%). Similarly, Sangwan et al.
(2008) reported that the rise in TKN concentration was higher in
earthworm-inoculated vermicomposters than in the controls
without earthworms.

512. TP

TP is a vital nutrient that is needed for energy movement inside
crops, photosynthesis as well as for plant development (Garg and
Gupta, 2011). TP is captured by crops in the state of inorganic
ions namely H,POZ and HPO, 2. Generally, the presence of P is very
much linked to the pH value of the feed materials which should not
be extremely alkaline or acidic as reported by Sahariah et al. (2014).
Research by Ghosh et al. (1999) documented that vermitechnology
might be a valuable technique in transforming unavailable forms of
P to suitable state for crops. TP content is usually higher in vermi-
composts (with an increasing effect) generated from sewage sludge
and various OSW than parent material (Suthar, 2009c;
Khwairakpam and Bhargava, 2009; Kaur et al., 2010; Singh et al.,
2010; Hait and Tare, 2011a, b; Varma et al., 2016) or than com-
posted material (Suthar and Singh, 2008a). Increase in TP all
through vermitechnology might be owing to mineralization rate of
OM which is straightly influenced by the characteristics of feed
materials and P-mineralizing microflora in OSW decomposition
(Suthar et al., 2012; Negi and Suthar, 2018) due to P-solubilizing
bacterial and fecal phosphatase movement of earthworms
(Pramanik et al.,, 2007; Hanc and Pliva, 2013) and additional
discharge of P is aided by microbial communities linked with
accumulated vermicasts (Vinotha et al., 2000). Few earlier studies
indicated that production of labile OM during the release of CO,
(Patel et al., 2011; Das et al., 2016a; Malinska et al., 2016), phos-
phatase and phytase enzymes play an important role in P-miner-
alization during vermicomposting (Gaume et al., 2001; Pramanik
et al, 2009; Ghosh et al., 2018). Increase in TP could also be
attributed to the enzymatic activities of earthworm gut (Suthar,
2010a) and indirectly by precipitation of micro flora (Varma et al,,
2016). An augmentation in TP was also observed from vermi-
composting of several OSW which could be attributed to microor-
ganism movement following addition of bacteria (Kumar and
Singh, 2001; Pramanik et al., 2007; Singh and Sharma, 2002;
Pramanik, 2010a). Sangwan et al. (2010) reported 1.3—1.5-folds
increment in TP value of press mud following worm activity and
quite similarly, Suthar et al. (2017) accounted 1.38—1.69-folds,
suggesting the positive role of earthworms in P-mineralization
process during vermicomposting process. Similar finding (1.4—1.8-

folds increase in TP content) was noted by Gupta and Garg (2009)
during the paper waste vermicomposting. Hait and Tare (2011a)
recorded that TP concentration was in the range of 30.1-86.1% all
throughout vermitechnology while a much lower increase in TP
content (8.1-29.7%) was obtained for the control.

5.13. TK

An increase in concentration of TK in OSW vermicompost was
detected in various vermicomposting experiments (Khwairakpam
and Bhargava, 2009; Manna et al., 2003; Kaushik and Garg, 2004;
Gupta and Garg, 2008). Similar K increment in vermicomposts has
been reported by other workers as compared to initial values of
feedstocks (Subramanian et al., 2010; Sangwan et al., 2010; Hait and
Tare, 2012; Negi and Suthar, 2018). The increase in TK contents in
vermicomposts could be due to acid release through OSW degra-
dation by microbes which is the key procedure for solubilization of
insoluble K as justified by Pramanik et al. (2007). Vermicomposting
increased TK content by 22% in apple pomace waste compared to
the control compost (Hanc and Chadimova, 2014), 39.5—50% in
organic wastes (Yadav and Garg, 2011b), 104—160% in distillery
sludge (Suthar, 2008d), 78—230% increase in agro-industrial sludge
(Suthar, 2010a), and by 30.1-51.9% for vermicompost as compared
to the initial compost material (Hait and Tare, 2011a). Tripathi and
Bhardwaj (2004a) observed that TK content was 2.14-folds the
initial level after vermitechnology while Yadav et al., 2019 found
that TK content was 1.28—1.41 times higher in the vermicomposts
in comparison to initial values. Another study by Garg et al. (2006a)
demonstrated that TK content after the vermicomposting was
1.2—1.7-folds the initial value.

There are contradictory reports as regards to K content in ver-
micomposts obtained from different OSW. A decrease in K has been
reported in the vermicomposting process than the initial feed
mixtures (Orozco et al., 1996; Sangwan et al., 2008; Garg and Gupta,
2011). These authors claimed that this decrease could be attributed
to leakage of soluble K by surplus water that drew off through the
feedstocks or could also be linked to the different physico-chemical
characteristics of original substrates. In addition, Benitez et al.
(1999) analysed that leachate gathered during vermitechnology
had high presence of K. Singh et al. (2010) described that a rise in
PH of the product may be accountable for a decline in K as it makes
K ions more liable to fixation by colloids. Other authors explained
this decline in K by the production of organic acids during the OM
decomposition in the process of solubilizing insoluble K species of
mixtures (Pramanik, 2010b; Suthar and Gairola, 2014; Das et al.,
2016a).

5.2. Micro-nutrients or trace elements (Ca, Mg, Na, Fe, Cu, Mn, Zn,
B, Mo, S)

Earlier studies recorded a considerable increment in Ca level
during vermicomposting process of different OSW i.e. industrial
wastes, forest leaf litter, rice straw etc. as compared to feedstocks
(Garg and Kaushik, 2005; Suthar and Gairola, 2014; Lim and Wu,
2016; Mahaly et al., 2018). The increase in Ca content might be
related to the chemical quality of various OSW employed in ver-
mitechnology operation (Suthar and Gairola, 2014) and to the
improved Ca mineralization by the presence of earthworms (Yadav
and Garg, 2013). Consequently, earthworms manage the minerali-
zation route and transform a fraction of Ca from binding state to a
more suitable state, ensuring its enhancement in the vermicasts.
Varma et al. (2016) noted a Ca increment in the range of 1.1-1.9-
folds, 1-1.5-folds, and 1—1.3-folds with earthworm species Eudri-
lus eugeniae, Eisenia fetida and Perionyx excavatus respectively
during vermicomposting of water hyacinth. Quite comparable in-
crease in Ca was detected by Pattnaik and Reddy (2010) and Suthar
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et al. (2017). A much higher increase of 1.15—3.57-folds in Ca was
observed in different vermicomposts (Yadav and Garg, 2011b).
However, Ca content decreased by 1.05—1.35-folds in industry
waste during vermicomposting as reported by Paul et al. (2018).
Yet, a large fraction of Ca remains in decomposed substances as
soluble species which depends upon the rate of loss through
leaching mechanism (Benitez et al., 1999; Orozco et al., 1996). Mg
increased with time during vermicomposting as perceived by
Mahaly et al. (2018) which related to mass loss and OM (Wani and
Mamta Rao, 2013). Moreover, it has also been found that micro-
algal hyphae and fungal, which effortlessly settle on newly accu-
mulated vermicasts in vermicomposts contribute to the increment
of Mg concentration (Suthar, 2010a). In an experiment performed
by Pattnaik and Reddy (2010), Mg content in green waste vermi-
compost was found to be 0.8% following worm activity. Nonethe-
less, on the basis of an in-depth literature review, few scientific
studies have been carried out with regard to Mg analysis during
vermicomposting of various OSW. Consequently, there is an even-
tual demand in research in terms of availability of Mg during
vermicomposting.

Vermicomposting caused substantial increase in Na content
comparative to the composting product (Hait and Tare, 2012) as
compared to initial values of feedstocks (Yadav and Garg, 2011b; Lim
and Wu, 2016). An increase in Na content of materials after vermi-
technology of industrial sludge was researched by workers
(Khwairakpam and Bhargava, 2009; Yadav and Garg, 2009; Suthar,
2009c; Singh et al, 2010). Yadav and Garg (2011b) investigated
that the increase in Na content might be related to the availability of
Na in initial feed substrate. Na increased in the range of 1.1-1.7-folds
and 1.1-1.5-folds during vermi-processing of water hyacinth with
the earthworm species Eisenia fetida and Eudrilus eugeniae, respec-
tively (Varma et al., 2016). A higher augmentation in Na concentra-
tion in the range of 1.06—2.05-folds was observed in the mature
vermicomposts as compared with the initial Na content of OSW
(Yadav and Garg, 2011b). Anantavalli et al., 2019 reported that Mg,
Mn and Ca contents showed maximum of 35.28 and 52.15% increase
in the vermicomposts of Gracilaria corticata + CD and Halimeda
gracilis + CD combinations respectively. Other trace elements or
micro-nutrients such as Fe, Cu, Mn, Zn, B, Mo, and S are crucial el-
ements of soil chemistry that are fundamentally needed for typical
crop development. In recent times, many micro-nutrients are
becoming scarce owing to an increasing requirement in suitable
forms of nutrients by the speedily developing plants. The substantial
availability of such components in mature vermicompost designates
its agronomical prospective for land applications. Higher content of
some micro-nutrients in vermicompost was reported by earlier sci-
entists (Plaza et al., 2008; Selladurai et al., 2010). Availability of Zn,
Fe, Mn and S in feed materials notably augmented after vermi-
composting in contrast to composting (Paul et al., 2018) which might
be attributed to mineralization of partly assimilated worm excre-
ment by bacteria and fungi during the passage of materials through
earthworm's gut (Kizilkaya, 2004). Similarly, an increase in Fe, Mn,
Cu and Zn concentrations was reported by Patil et al. (2018) during
the vermicomposting of coconut coir waste employing Eudrilus
eugeniae. Daman et al. (2016) reported an increase in the concen-
trations of Zn, Cu, Mn, and Fe after 90 days vermicomposting of
waste rose flower by Eudrilus eugeniae. Increase in S was justified by
the decomposition of S organic dyes in the silk industry waste which
might have assisted in the discharge of soluble S (Chequer et al.,
2013).

5.3. Possible ways of enriching the nutrient content in
vermicompost

With regard to an improvement in sustainable agriculture, OSW

improvement with nutrients is of great concern that could effec-
tually be performed by preliminary treating the OSW with some
productive microflora. Addition of appropriate supplements has
been found to accelerate the vermicomposting period together
with the enhancement of nutritive elements in the ready vermi-
compost (Singh and Sharma, 2002). One of the promising means of
enriching N level in vermicompost is through the supplementation
of N fixing bacteria (Kaushik and Garg, 2004; Busato et al., 2012).
The strategies which are presently exploited for enhancing the
soluble P content in vermicompost are addition of phosphate-
solubilizing bacteria and phosphate rock (Kumar and Singh, 2001;
Kumar et al., 2010). Other authors also revealed that inoculation of
microorganisms in OSW produced a stabilized vermicompost
which is rich in TP and TKN (Pramanik et al., 2007). Similarly, with
regard to the concentration of K, the vermicompost could be
generated from OSW loaded in K and supplementing microbes to
solubilize it. The addition of straw to apple pomace (Hanc and
Chadimova, 2014), activated sludge to a corn stalk (Kharrazi et al.,
2014) and cow dung in waste mixture (Suthar et al., 2017), in a
certain proportion increased the nutrients content during vermi-
composting. Mupambwa et al. (2016) assessed the possibility of
supplementing cow dung—paper waste mixture with an efficient
micro-organism upon vermitechnology for enhancing nutrients
content. Along with the implementation of the strategies
mentioned for enriching nutrient content in vermicompost, an
original bioinput helping in the availability of nutritive elements for
crops and to protect the physico-chemical stability of soil may
possibly be studied.

6. Possible earthworm's mechanism in response to nutrients
enrichment

Microorganisms generate enzymes which resulted in the bio-
chemical degradation of OM, but earthworms are known to be
the essential engineers of the system since they are engaged in the
indirect stimulation of microbial communities during disintegra-
tion and consumption of OM (Aira et al., 2002). Earthworm gut-
borne microorganisms get mixed up with OM during their pas-
sage in the intestine and those microorganisms consecutively have
a vital role in the biochemical alterations of nutritive elements
(Atkins and de Paula, 2006). Thus, the nutrients are transformed
into more soluble and available forms, which consequently enrich
the vermicomposts with higher plant nutrients (Suthar and Singh,
2008a; Suthar, 2008b; Gupta and Garg, 2009).

6.1. Earthworm's mechanism on TKN

The N mineralization rate during vermicomposting was found to
be directly related to the earthworm mediated N enrichment
(Suthar et al., 2012). Additionally, some microbes together with
earthworms improve the generation of some important enzymes
(e.g., invertase, protease, xylanase, amylase, urease, cellulose, and
phosphatase), which are directly entailed in N-mineralization
process (Pramanik, 2010b; Fu et al., 2015). Previous experiments
sustain the responsibility of earthworm in N enhancement of ver-
micomposting product (Taylor et al., 2003; Suthar, 2010b; Oyedele
et al., 2006; Suthar and Singh, 2008b). The microclimatic condition
is altered by earthworms in the vermibeds which as a result
encouraged microbial populations responsible for N improvement
(Suthar, 2010a). Earthworm's mechanism enhances the TKN profile
for various OSW vermitechnology upon the secretion of metabolic
nitrogenous products by earthworms as excretory substances,
urine, body fluid, enzymes and growth stimulating hormones
(Tripathi and Bhardwaj, 2004b; Hobson et al., 2005; Suthar and
Gairola, 2014; Varma et al., 2016) during the fragmentation and
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digestion of OM in the vermicomposting process (Vig et al., 2011).
Besides, polysaccharide fluid called mucus is produced by earth-
worms under favorable condition of earthworm gut to moisten its
exterior body and to enhance OSW by means of N fixers
(Padmavathiamma et al.,, 2008; Hussain et al., 2016). Still, these
additional N loaded materials were not initially detected in feed-
stocks (Garg and Gupta, 2011). Tripathi and Bhardwaj (2004b) and
Suthar (2006), however, implied that the decomposing tissues of
lifeless earthworms contribute to a considerable level of N in
vermicompost.

6.2. Earthworm's mechanism on TP

The earthworm intestine generates a substantial quantity of acid
and alkaline phosphatases (Swarnam et al, 2016) especially
phosphate-solubilizing bacteria which is a crucial enzyme
engrossed in bio-chemical succession of P (Le Bayon and Binet,
2006) that is, converting organic-P into mineralized states and
maintaining the degree of fixation of liberated P into impenetrable
inert forms at low stages (Ghosh et al., 1999; Bhattacharya and
Chattopadhyay, 2002). In the research studies of several authors,
the discharge of existing P content from OSW is achieved to a
certain extent by stimulation of the micro-flora present in earth-
worm's gut phosphatases during vermicomposting (Kaviraj and
Sharma, 2003; Suthar, 2009c; Garg and Gupta, 2011; Bhat et al.,
2013), and by the P-solubilizing microbes available in vermicasts
(Vinotha et al., 2000; Suthar and Singh, 2008a; Prakash and
Karmegam, 2010). Earthworm leads its synergetic enteric micro-
flora through enhancing OM decomposition by releasing water,
metabolites, enzymes (phosphatase) and mucus (Khwairakpam
and Bhargava, 2009). Singh et al. (2010) also found that earth-
worm gut enzymes showed stimulating influence on P-solubilizing
bacteria as P increased in the vermicasts, eventually increasing TP
in vermicompost. Thus, directly or indirectly earthworm enhanced
OSW vermicompost with P contents.

6.3. Earthworm's mechanism on TK

Earthworms play a vital role in K mineralization during vermi-
technology. Usually, when OSW passes through the earthworm gut,
a portion of organic TK is transformed into more accessible
exchangeable K owing to enzymes activity (Suthar, 2010a). The
increase in the quantity of micro-flora present in the earthworm's
gut upon vermicomposting may also have contributed an essential
part in this system and boosted K over the control (Kaviraj and
Sharma, 2003). Increase in TK concentration subsequent to ver-
micomposting could be attributed to the enzymatic activities of
earthworm's gut and settlement of K in the earthworm casts
(Pramanik et al., 2007). The role of earthworms in K enrichment is
also advocated by few researchers (Singh et al., 2010; Negi and
Suthar, 2013; Khwairakpam and Bhargava, 2009).

6.4. Earthworm's mechanism on micro-nutrients (Ca, Mg and Na)

The Ca-mineralization during vermitechnology process reflects
the outcome of earthworm's mechanism in OSW mixtures (Suthar
et al,, 2015). Many earthworm species secretes calcium carbonate
through their calciferous glands (Lakshmi et al., 2015) for pH
buffering of ingested foods which then is egested in cast material
(Briones et al., 2008). The Ca metabolism is mostly linked by the
gut-exuded enzymes generated from earthworm's activity and by
the accelerated assimilation in the vermicast's deposition by fugal
hyphae or other microbial communities (Pramanik and Chung,
2011). Vermitechnology indicates the earthworm-mediated con-
version of organic-bound complexes of Ca into suitable state for

crops (Suthar and Gairola, 2014) which makes vermicomposting
techniques superior than conventional composting method. Up to
date, no straight involvement of earthworm's mechanism within
Mg and Na metabolisms are known during the process of vermi-
composting. Yet, it is theorized from a research made by Suthar
(2010a), that mycelium or micro-algal filamentous structure of
fungi which straightforwardly settles on freshly sedimented ver-
micasts, helps to bring about a small quantity of Mg in vermi-
compost. Yet, an apparent demand for further scientific
investigation and development intended at outlining Mg and Na
metabolisms during vermicomposting processes is required.

7. Beneficial effect of nutrient-enriched vermicompost

Vermicompost which resembles native soil humic substances
(Benitez et al., 2005) is one of the nutrient-rich organic manure in
the world and has shown to be first-rate manure for land
improvement. Nutrient-enriched vermicompost was shown to
have a positive role in plant development (Soobhany et al., 2015a;
Singh and Kalamdhad, 2016) because of its homogeneity and have a
tendency in retaining extra nutrients for a prolonged time (Ndegwa
and Thompson, 2000). Vermicomposts which are rich in nutrients
also hold enzymes and plant growth hormones (humic substances,
cytokinins, auxins) that increase plant growth and reduce plant
diseases (Hussain et al., 2017; Atiyeh et al., 2002). Nutrient-
enriched vermicompost are potentially used by growers for sus-
tainable crop production and thus, has shown to have a valuable
and marketable value. Vermicompost is thus dissuading the utili-
zation of chemical fertilizers and is highly preferred in sustainable
agriculture over chemical fertilizers (Bhat et al., 2015, 2017; Yadav
et al.,, 2015; Das et al,, 2016b; Fu et al., 2016). The nutrient-rich
vermicompost has also a beneficial effect on crop yield which
comprises strawberry (Singh et al., 2008), tomato (Atiyeh et al.,
2002; Joshi and Vig, 2010), lady finger (Hussain et al., 2017) and
green bean (Soobhany et al., 2017c).

8. Quality assessment of composts/vermicomposts linking to
nutrient content

The usefulness of compost pertaining to valuable influences on
soil physico-chemical and biological characteristics, in addition to
comprising a nutrient supply, relies on its quality. According to
Bernal et al. (2009), the quality criteria for compost are set up with
respect to nutrient content, stabilized OM, maturity grade, saniti-
zation degree and the occurrence of certain lethal complexes like
heavy metals, xenobiotics and soluble salts. The significance of
maturity and stability factors in evaluating compost quality is
extensively conceded by investigators (Soobhany et al., 2017b;
Soobhany, 2018c). Nevertheless, incorporation of the most un-
swerving indices designates the only choice for assessing the
maturity/stability extent of degraded OSW as affirmed by Eggen
and Vethe (2001). A clear paradigm of this is the CCQC maturity
evaluation procedure (TMECC, 2002; CCQC, 2001), which foremost
implied that a compost is considered undeveloped when the C/N
ratio >25. Conversely, additional quality criteria besides maturity
index must also be considered to classify the compost utilization,
such as nutrient content. Hence, the expansion of a market for
organic fertilizer which sustains an OSW composting/vermi-
composting approach significantly relies on the description and
implementation of quality standards including nutrient content. It
is thought that conventional composts are usually of poor quality
since they do not contain high levels of nutritive elements like N, P,
and K in contrast to synthetic fertilizers. Still, such evaluation is
incorrect as these two products differed chemically, microbiologi-
cally and structurally and behave differently when applied to soil.
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There are quite a few compost quality standards suggested by
official organisations (TMECC, 2002; BSI, 2005; European
Commission, 2001; Ge et al., 2006) which consider compost pa-
rameters such as nutrient content. Presently, there is an urge for
harmonisation of such nutrient content criteria universally.

9. Conclusions

Conclusively, addition of various additives on composting pro-
cess might be a resonance technique in recuperating valuable
nutritive elements from OSW for rendering fertility of soil. This
work has clarified that the inoculation of nutrient-rich materials,
integration of nutrients from natural sources and the supplemen-
tation of microbes, signifies a propitious continuing approach to
achieve a ready outcome with improved nutrient quality. The use of
nutrient-rich composts could eventually contribute to diminish
production costs over and above decreasing the ecological effect
triggered by discarding OSW. For the most part, the development of
bio-inputs which are rich in nutritive elements demands further
investigation and not only in the enhancement of the end product,
but also in the separation and detection of microbes permitting the
transfer of nitrogenous materials and substances containing K and
P available in OSW. The search for more effective additives to
improve the composting technology whilst regarding the economic
advantages, lessen the N loss and improving the quality of the end
product in terms of nutrient content is entailed. This review de-
mands additional research efforts to discover the most suitable
method for N preservation so that compost with utmost N content
at the final stage of the composting process could be attained.
Moreover, an eventual demand in research is needed to confirm P,
K, and Na losses during composting processes. Studies on compost
with regard to nutrient conservation, supplementation, and addi-
tion with nutrient converting microbes could also be carried out as
a future challenge to make the final product of the composting
system valuable in nutritional properties.

On the other hand, OSW can be converted into a richer
environmentally-friendly nutrient biofertilizer (vermicompost)
through vermitechnology operation for sustainable land restora-
tion practices and urban forestry programme. In contrast to
compost, vermicompost holds elevated quantity of major nutritive
elements (TKN, TP, TK) and some minor nutrients (Ca, Mg, Na) with
enhanced nutritional features for specifically improving crop
quality. These increased levels of major nutrients in vermicomposts
can be attributed to the improved synergetic enteric microflora
secreted from earthworm's gut through earthworm activity. The
secretion of metabolic nitrogenous products by earthworms as
excretory substances, body fluid, enzymes and growth stimulating
hormones increase the TKN profile during vermicomposting. The
rise in TP concentration upon vermitechnology is performed partly
by stimulation of the micro-flora present in earthworm's gut
phosphatases and by the P-solubilizing microbes available in ver-
micasts. Increase in TK concentration subsequent to vermi-
composting could be attributed to the enzymatic activities of
earthworm's gut and settlement of K in the earthworm casts. The
Ca metabolism is mostly linked by the gut-exuded enzymes
generated from earthworm's activity and by the accelerated
assimilation in the vermicast's deposition by fugal hyphae or other
microbial communities. But still, earthworm's mechanism on
micro-nutrients i.e. Mg and Na is not lucidly known. In this
sequence, an apparent demand for further scientific investigation
and development intended at outlining Mg and Na metabolisms
and also other trace elements (Fe, Cu, Mn, Zn, B, Mo, S) during
vermicomposting processes is needed. Composting of OSW can be a
practice of a highest standard and vermicomposting of OSW can be
beneficial in the supplement of superior plant nutrients. In

summary, vermicomposting can be recommended as one of the
technologies by developing countries or small island developing
states for the management of OSW since the utilization of vermi-
compost in agriculture might be useful in lowering the use of
inorganic fertilizer, attain sustainable development and land
degradation issues.
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