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Abstract Vermicomposting is a process to biotransform

organic solid wastes into valuable product, namely ver-

micompost using epigeic earthworms. Vermicomposting

technology may provide a low-input basis for sustainable

management of organic solid waste. The present study was

to investigate the suitability of oil palm empty fruit bun-

ches to be reused as feedstocks of Eudrilus eugeniae for the

duration of 12 weeks. Empty fruit bunches were mixed

with cow dung in different ratios to produce five different

treatments for laboratory screening of solid waste. The

growths of E. eugeniae were monitored weekly. All treat-

ments encouraged the growth of E. eugeniae except the

treatment with empty fruit bunches alone. The maturity and

quality of vermicompost were assessed through carbon-to-

nitrogen ratio, calcium, phosphorus, potassium and mag-

nesium. Generally, all treatments showed increases in total

contents of calcium (39.38–373.17 %), phosphorus

(15.15–390.54 %), potassium (45.55–153.66 %) and mag-

nesium (55.86–370.93 %) but a decrease in carbon-to-

nitrogen ratio (11.24–76.24 %) after 12 weeks of vermi-

composting process. Besides, parameters such as pH and

electrical conductivity were also investigated in this paper.

Among all the treatments investigated, empty fruit bunches

that were mixed with cow dung in the ratio of 2:1 were

biotransformed into the most superior quality vermicom-

post (carbon-to-nitrogen ratio, 18.53; calcium, 7.76 g/kg;

phosphorus, 3.63 g/kg; potassium, 12.81 g/kg; and mag-

nesium, 4.05 g/kg). In conclusion, vermicomposting could

be used as an efficient technology to convert empty fruit

bunches into nutrient-rich organic fertilizers if the wastes

were mixed with cow dung in an appropriate ratio.

Keywords Cleaner production � Cow dung � Epigeic
earthworm � Solid waste management � Vermicomposting �
Waste reuse

Introduction

Malaysian palm oil industry is growing rapidly and quickly

becoming a significant agriculture-based industry in this

country (Wu et al. 2010). In 2012, Malaysia has a total of

over 5.0 million hectares of oil palm plantations, consisting

of 4.3 and 0.7 million hectares of mature and immature oil

palms, respectively (USDA 2012). The production of 1

tonne of crude palm oil requires 5 tonnes of fresh fruit

bunches (Stichnothe and Schuchardt 2011). Thus, the high

exports of Malaysian palm oil to southeast Asia (Fig. 1) or

globally (Fig. 2) are reflecting the importance of fresh fruit

bunches in Malaysia. In total, the palm oil industry con-

tributes significantly toward the country’s foreign exchange

earnings and the increased standard living among Malay-

sians (Wu et al. 2009).

With the economic, industrial and agricultural devel-

opment, environmental pollution has become an increas-

ingly serious issue in the developing countries (Zhao et al.

2013), including Malaysia. In 2012, a total of about 92.3
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million tonnes of fresh fruit bunches were processed in the

palm oil mills (MPOB 2012), resulting in large amount of

oil palm solid wastes generations, particularly palm nut

shell (6 %), palm press fiber (30 %), empty fruit bunches

(28.5 %) and decanter cake (3 %) are being generated

during palm oil milling process (Pleanjai et al. 2004). The

usual way to dispose oil palm solid wastes is by burning, so

that the wastes could be reused for steam or power gen-

eration at the palm oil mills. However, empty fruit bunches

have not been optimally used because they are wet and

bulky, which are not suitable for burning and transporta-

tion. Although empty fruit bunches have the potential to be

reused as mulch for oil palms, the improper stacking of

empty fruit bunches on land may become the breeding site

for pests such as rhinoceros beetles and rats. Furthermore,

the direct application of empty fruit bunches on land could

result in pollution of the surrounding area because these

wastes still contain residual oil, which can be distributed

through local environment (Kananam et al. 2011), espe-

cially during rainy season. Thus, managing empty fruit

bunches from palm oil industry becomes a major challenge

for local government as well as industries in Malaysia.

Waste management systems are generally influenced by

socioeconomic, political and environmental factors,

including population growth, consumption pattern and

technological development of the waste systems (Zaman

2013b). In many countries, both energy and waste man-

agement systems are under changes (Nouri et al. 2012).

Currently, a number of studies have been conducted by

different researchers on the ‘zero waste’ concept (Zaman

2013a). In Malaysia, several different approaches have

been attempted to explore the potentials for reusing empty

fruit bunches as main feedstocks or substrates to produce

activated carbon (Firoozian et al. 2011), bioethanol (Abu

Bakar et al. 2012), biohydrogen (Chong et al. 2013), bio-oil

(Abdullah et al. 2010), biochar (Samsuri et al. 2014), citric

acid (Alam et al. 2010), composite (Bakar et al. 2010),

lignophenol (Abdullah et al. 2009), xylose (Tan et al. 2013)

and others. As empty fruit bunches contain high organic

matter and mineral contents, these wastes are also currently

being investigated as potential feedstocks in composting

(Kananam et al. 2011; Mohammad et al. 2013). Generally,

the composting process is applied to decompose and sta-

bilize organic solid wastes, including yard wastes, agri-

cultural crops, food wastes, manure, municipal solid

wastes, sewage and industrial sludge (Khamforoush et al.

2013). Composting period of organic matters may vary

from 10 days to 3 months (and sometimes more),

depending on the characteristics of the solid wastes (Makan

et al. 2014). The latest research found that composting of

empty fruit bunches together with palm oil mill effluent

and compatible multi-enzymatic fungal system produced

matured compost with C/N ratio of 17 (Mohammad et al.

2013). Nevertheless, installing compost technology alone is

troublesome due to the characteristics of raw palm oil mill

effluent; plus composting with this effluent requires addi-

tional microbes and enzymes for maintaining product

quality and water content (Yoshizaki et al. 2013). Although

composting of empty fruit bunches under aerobic condi-

tions is more effective, the process requires a turning

machine and intensive labor (Kananam et al. 2011). Until

now, most of the palm oil millers do not have a clear

direction to choose the most suitable technology for man-

aging their empty fruit bunches; thus, they continue prac-

ticing the typical disposal method through burning or direct

land application as mulch (Chiew and Shimada 2013).

Vermicomposting was investigated in the present study

as an alternative method to manage empty fruit bunches in

a more sustainable way. Vermicomposting is a composting

process involving the interaction of earthworms and
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Fig. 1 Export of Malaysian palm oil (*1.68 million tonnes) to major

countries in southeast Asia in 2012. Other countries include Brunei,

Cambodia, Indonesia and Laos
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microorganisms to produce humus-like material known as

vermicompost. Vermicomposting is especially favored to

be used when space is at a premium (unavailability of

larger spaces for composting in pits) (Sim and Wu 2010).

The vermicompost is a stabilized product having greater

contents of the most needed nutrients in the forms that are

readily taken up by the plants. Furthermore, vermicompost

is less likely than synthetic fertilizer to produce salinity

stress in the soil container (Chaoui et al. 2003). This

technology has been used to stabilize biodegradable wastes

generated from different industries such as oil palm

industry (Sabrina et al. 2009; Nahrul Hayawin et al. 2010),

olive oil industry (Masciandaro et al. 2010), paper mill

industry (Kaur et al. 2010), soybean oil industry (Lim et al.

2011), sugar cane industry (Suthar 2010b) and others.

To the best of our knowledge, limited study has been

devoted to the vermicomposting process of biomass resi-

dues generated from oil palm industry. Therefore, the aim

of this study was to investigate the suitability of Eudrilus

eugeniae in vermicomposting of empty fruit bunches,

which were spiked with cow dung in different weight ratio

under laboratory condition in order to produce the most

superior quality of vermicompost within 12 weeks. The

best ratio between cow dung and empty fruit bunches in

providing the most appropriate environment for E. euge-

niae to live in was investigated in the present study. Also,

the nutrient qualities of the end product or vermicompost

and growth parameters of E. eugeniae were explored using

this study. The vermicomposting experiments were con-

ducted in Chemical Engineering Laboratory at Monash

University Malaysia between January and April, 2012.

Materials and methods

Earthworm and collection of organic waste

Epigeic earthworms of E. eugeniae used in this study were

purchased from ESI Agrotech, Malaysia. E. eugeniae was

selected in this study because the productivity of E. eu-

geniae is high and thus able to convert the biodegradable

solid wastes more effectively (Domı́nguez et al. 2001).

Furthermore, recent study showed that the surface-dwelling

mode of life guarded the epigeic earthworms against their

exposure to toxicity (Suthar 2014).

Empty fruit bunches was procured from Hulu Langat

Palm Oil Mill, Selangor, Malaysia. They were dried in

direct sunlight for 1 week with periodic flipping and stored

for further uses in this study. Raw cow dung was obtained

from Selangor, Malaysia. The dung was leached with dis-

tilled water in the ratio of 1:10 (dried weight/volume). The

leached cow dung was dried in an oven at 37 �C for 48 h

with periodic flipping and stored for further use as an

amendment. The chemical characteristics of empty fruit

bunches and cow dung used in this study are presented in

Table 1.

Experimental set up

Initial carbon-to-nitrogen ratio (C/N ratio) of the feedstock

is known to affect the growth and reproduction of the

earthworms (Yadav and Garg 2011). Previous study

showed that high C/N ratio of empty fruit bunches

(Table 1) did not favor the growth of earthworms (Sabrina

et al. 2009). Hence, cow dung with a lower C/N ratio

(Table 1) was chosen as an amendment in vermicompo-

sting of empty fruit bunches to readjust the C/N ratio of the

initial feedstock or waste mixture. Furthermore, cow dung

is considered as one of the most suitable amendments used

in vermicomposting process (Vig et al. 2011). In the

present study, five different combinations of waste mixture,

consisted of empty fruit bunches and cow dung (dried

weight proportions), were prepared (Table 2), so that the

waste mixtures possessed various initial C/N ratios, which

were lower than empty fruit bunches alone. Controls

(without earthworms) were also prepared for all treatments.

About 200 g of feedstock (dried weight basis) was filled

into a rectangular vermireactor (17 9 14 9 12 cm3). Ten

Table 1 Chemical characteristic of empty fruit bunches and cow

dung (mean ± SD, n = 3)

Parameters Empty fruit

bunches

Cow dung

pH 6.32 ± 0.08 6.87 ± 0.01

Total carbon (g/kg) 446.88 ± 45.28 268.49 ± 35.12

Total Kjeldahl nitrogen (g/

kg)

3.00 ± 0.00 17.81 ± 0.55

C/N ratio 148.96 ± 14.29 15.08 ± 3.42

Electrical conductivity (lS/
cm)

781.50 ± 84.55 653.47 ± 29.54

Phosphorus (g/kg) 0.66 ± 0.08 0.92 ± 0.13

Potassium (g/kg) 11.21 ± 0.59 3.51 ± 0.60

Magnesium (g/kg) 1.11 ± 0.08 9.03 ± 0.14

Calcium (g/kg) 1.60 ± 0.13 20.74 ± 4.75

Table 2 Description of different treatment used for vermicomposting

Treatment Treatment description

E Empty fruit bunches alone

E3:D1 3 parts of empty fruit bunches: 1 part of cow dung

E2:D1 2 parts of empty fruit bunches: 1 part of cow dung

E1:D1 1 part of empty fruit bunches: 1 part of cow dung

E1:D2 1 part of empty fruit bunches: 2 parts of cow dung

E1:D3 1 part of empty fruit bunches: 3 parts of cow dung
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nonclitellated epigeic earthworms with an average weight

of 0.30 g per worm were introduced into each vermireac-

tor. The feedstock was moistened with distilled water to

obtain an appropriate moisture level for the earthworms to

survive. Besides, the moisture content was maintained at

60–80 % by periodic sprinkling of adequate quantity of

distilled water on the feedstock throughout the study. The

experimental beddings were conducted in triplicate for

each treatment. The vermireactors were kept in the dark at

room temperature of 25 ± 2 �C, which is the optimum

temperature of E. eugeniae (Lim et al. 2011).

The duration of the vermicomposting process was

12 weeks. Feedstocks and vermicomposts were collected at

0 and 12 weeks, respectively, from each vermireactor in

order to measure the changes of chemical characteristics of

the samples. The samples were oven-dried at 60 �C for

48 h, ground and stored in polythene bags at 4 �C for

further physicochemical analysis.

The growth, population and live weigh of earthworms

were recorded weekly in all vermireactors by following the

method described by Lim et al. (2011). Earthworms were

separated from the substrate material by hand-sorting

method. Then, they were washed in distilled water to

remove any adhering materials from their bodies and

subsequently drying them on paper towels before weighing

them on a live-weight basis without correction of their gut

content.

Chemical analysis

The electrical conductivity and pH were measured using a

digital conductivity meter (Schott Instruments Handylab

LF11/set) and pH meter (Mettler Toledo SevenEasy),

respectively, in 1:10 (weight/volume) aqueous solution

(deionized water) (Khwairakpam and Bhargava 2009).

Total organic carbon was determined using a wet chemistry

method by a TOC analyzer (Aurora Solid1030). Total

Kjeldahl nitrogen was measured using the method descri-

bed by Shaw and Beadle (1949). Total contents of calcium,

magnesium, phosphorus and potassium were measured by

the ignition method using an atomic absorption spectro-

photometer of Agilent Technologies 200 SeriesAA. All the

samples were analyzed in triplicate.

Results and discussion

Growth of E. eugeniae in different treatments

The productivity of earthworm is an important indicator to

evaluate the progress of vermicomposting process (Suthar

2010b). In this study, the growth of earthworms among

different treatments was closely related to the feed quality

(Lim et al. 2012). Figure 3 shows that the number of

earthworms started increasing on week 6 for treatments of

E1:D2 (18 earthworms), E2:D1 (15 earthworms), E1:D3

(14 earthworms) and E3:D1 (12 earthworms). The maxi-

mum number of earthworms (32) was noticed in the

treatment of E2:D1 (Fig. 3). No increase in earthworms

quantities was observed in treatments with higher compo-

sition of empty fruit bunches, such as treatments of E and

E1:D1. Empty fruit bunches could contain cellulose, he-

micelluloses and lignin up to 39.8, 17.3 and 10.3 %,

respectively (Park et al. 2013). Generally, waste with high

lignin contents (such as empty fruit bunches in this study)

is not favorable for most of the earthworms (Shak et al.

2014). Also, the high lignin contents in the waste inhibit

microbial activities (Lim et al. 2012). Therefore, cow dung

was acted as a complementary waste not only to reduce the

processing time but also to improve the quality and suc-

cessful conversion of wastes into vermicomposts (Vig et al.

2011).

The biomass of E. eugeniae in different treatment is

shown in Table 3. As shown in Table 3, the highest

earthworm biomass was observed in the treatment of

E2:D1 (13.39 g). The lowest growth rate of earthworm was

recorded in the treatment supplied with empty fruit bun-

ches alone (0.21 g/worm/day), and the highest was recor-

ded in both treatments of E2:D1 and E1:D2 (0.54 g/worm/

day). It is hypothesized that the suitable proportion of cow

dung and empty fruit bunches provided earthworms with

sufficient amounts of easily degradable organic matter,

which created an ideal environment for the growth and

reproduction of earthworms (Nahrul Hayawin et al. 2010).

An initial increase in biomass was followed by stabiliza-

tion, and later, weight loss was observed in most of the

treatments after 12 weeks of vermicomposting process

(Table 3). The decrease in the biomass of earthworms

could be due to the conversion of the wastes into vermi-

composts, which did not support the growth of earthworms

(Lim et al. 2011). Research done by Domı́nguez et al.
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(2001) also showed that when the earthworm population

density exceeded 16 earthworms/100 g substrate, the

earthworms were inclined to lose weight or result in death.

pH of the vermicompost

According to Khwairakpam and Bhargava (2009), pH shift

in the vermicompost was dynamic and waste dependent.

The initial pHs of all treatments were in the range between

6.32 and 6.79 (Table 4), which is an ideal pH range for the

earthworms. After 12 weeks of vermicomposting process,

the pH of the final vermicompost showed two different

trends: The pH of the vermicompost was higher for the

waste mixture with higher proportion of empty fruit bun-

ches, while the pH of the vermicompost was lower than

neutral for the waste mixture with higher proportion of cow

dung (Table 4). Hence, the difference in pH among the

different treatments could be explained by the quality of

the wastes, which affects the mineralization process and

species of intermediate compounds during the vermicom-

posting process (Gupta and Garg 2008). As mentioned

earlier, the final pH of the vermicomposts with higher

proportion of empty fruit bunches showed alkaline condi-

tions after 12 weeks of vermicomposting process

(Table 4). Study conducted by Lim et al. (2012) showed

that the activity of earthworms did not affect the pH of

organic substrates but they did exert physiological control

such as secreting intestinal calcium and excreting NH4-N

for maintaining neutral pH in their digestive tract. Hence,

the increase in pH in the final vermicompost was mainly

due to the degradation of short-chained fatty acids and

intensive mineralization of nitrogen by the microbes (To-

gnetti et al. 2007). Besides, an increase in pH in the final

vermicompost was due to the presence of ammonia. The

ammonia was released into the vermicompost when the

excess of organic nitrogen in the feedstock was not

required by the microbes (Singh et al. 2010).

According to Yadav and Garg (2011), the acceptable pH

range for earthworms and microorganisms activity during

vermicomposting is 5.5–8.5, in which case the optimum pH

is neutral or near neutral. The vermicomposting process

will only be slowed down drastically (due to the mortality

of the earthworms) when the pH of the waste is lower than

5 (Sim and Wu 2010). Overall, the pHs of all the initial

feedstocks and final vermicomposts in this study were in

the ranges of 6.32–6.79 and 6.87–8.54, respectively

(Table 4). Thus, it could be deduced that all treatments

investigated in this study showed satisfactory pH values for

encouraging the growth of E. eugeniae.

Electrical conductivity of the vermicompost

Electrical conductivity reflects the total amount of dis-

solved ions available in the water or the salinity of an

organic amendment (Lazcano et al. 2008). Table 4 shows

the comparison of electrical conductivity between the final

vermicompost and control for all the treatments investi-

gated up to the duration of 12 weeks. After 12 weeks of

vermicomposting process, electrical conductivity has

shown increases (as compared to the initial feedstocks) in

all treatments except the treatment of E2:D1. The increase

in electrical conductivity was mainly due to the loss of

organic matter and the release of different soluble salts in

available form (such as phosphate, ammonium and potas-

sium) from the activity of earthworms and microorganism

(Karmegam and Daniel 2009; Khwairakpam and Bhargava

2009). Fernández-Gómez et al. (2010b) reported that high

electrical conductivity in vermicompost might not be

favorable to the growth of earthworms. Their observation

was in concurrent with the present study, showing that the

treatment with the highest electrical conductivity (treat-

ment with empty fruit bunches alone or E) discouraged the

growth of earthworms (Fig. 3; Table 3). Study done by

Guzyte et al. (2011) showed that an increase in salinity (or

electrical conductivity) had harmful effect on the growth,

mortality and reproduction of the earthworms. On the other

hand, lower electrical conductivity was observed in the

final vermicompost of E2:D1 treatment, representing the

biotransformation of waste mixture into more stabilized

form of vermicompost (Kaur et al. 2010). Lim et al. (2011)

and Fernández-Gómez et al. (2013) also observed a decline

in electrical conductivity in the vermicompost produced

Table 3 Earthworm productions during vermicomposting process (mean ± SD, n = 3)

Treatment Initial biomass of earthworms

(g)

Final biomass of earthworms

(g)

Maximum biomass of

earthworm (g)

Maximum growth rate

(g worm/day)

E 3.18 ± 0.08 9.71 ± 0.52 9.71 ± 0.52 0.21 ± 0.10

E3:D1 5.06 ± 0.35 10.01 ± 0.42 11.79 ± 0.96 0.42 ± 0.09

E2:D1 4.77 ± 0.83 10.6 ± 0.06 13.39 ± 1.48 0.54 ± 0.09

E1:D1 2.94 ± 0.01 11.97 ± 0.33 11.97 ± 0.33 0.44 ± 0.02

E1:D2 4.92 ± 0.68 10.02 ± 0.18 12.06 ± 0.48 0.54 ± 0.08

E1:D3 4.50 ± 1.17 9.35 ± 0.08 11.18 ± 0.21 0.53 ± 0.06
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from soybean husk and greenhouse tomato-plant waste,

respectively.

C/N ratio of the vermicompost

C/N ratio is one of the most important indicators to show

the maturity and stabilization of fertilizer because plant

cannot assimilate nitrogen unless the C/N ratio is in the

order of 20 or less (Khwairakpam and Bhargava 2009).

Additionally, C/N ratio is the most important factors

determining the palatability of earthworm (Hendriksen

1990). All the initial C/N ratios of the wastes in this study

were in the range from 24.03 to 148.96 (Table 4). The

variations of C/N ratio in different treatments were due to

the substrate quality used in this study. After 12 weeks of

vermicomposting process, all the final vermicomposts

showed a sharp decline in C/N ratio with both treatments of

E2:D1 and E1:D2 achieved C/N ratio lower than 20

(Table 4). According to Lim et al. (2011), the combined

activities between earthworms and microorganisms

decreased the organic carbon levels from the wastes and

enhanced the waste stabilization process by releasing car-

bon as carbon dioxide during the respiration process. In

addition, the production of mucus and nitrogenous excreta

by the earthworms would increase the level of nitrogen,

thus reducing the C/N ratio of the wastes (Lim et al. 2011).

Controls were found to have a higher C/N ratio as com-

pared to most of the final vermicomposts after 12 weeks of

vermicomposting process (Table 4). Ravi Kumar et al.

(2009) revealed that with the help from the earthworms,

nitrogen could be mineralized into a greater extent. Thus,

C/N ratio of the feedstocks could be greatly reduced during

vermicomposting as compared to the conventional com-

posting process (Suthar 2009). The highest decrease in C/N

ratio in final vermicompost occurred in the treatments of E

(-76.24 %), followed by E2:D1 (-68.58 %), E3:D1

(-65.29 %), E1:D1 (-63.29 %), E1:D2 (-36.72 %) andT
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and control in different treatments. The calcium content is the average

value of triplicate tests
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E1:D3 (-11.24 %). The C/N ratios of the final vermi-

composts were in the range of 18.53 (E2:D1) and 35.40

(E). Hence, it is suggested that empty fruit bunches

amended with appropriate ratio of cow dung affected the

telluric microflora, leading to enhanced decomposition

process (Suthar 2008). The result obtained is concurrent

with the earlier studies done by Ludibeth et al. (2012) and

Shak et al. (2014) that vermicomposting could reduce the

C/N ratio of sewage sludge and rice straw, respectively, to

a preferred level of below 20.

Nutrient quality of the vermicompost

After 12 weeks of vermicomposting process, the waste was

a stabilized and nutrient-rich material. The interactions

between earthworms and microorganisms play an impor-

tant role in the degradation of organic matter and

enhancement of nutrients (Lim et al. 2011). Current study

showed that E. eugeniae converted the wastes (especially

the treatment of E2:D1) into fine granular fertilizer with

high nutrient contents, which showed significant

differences from the initial feedstocks. In the present study,

higher proportions of cow dung (E1:D2 and E1:D3 treat-

ments) generally led to higher contents of total calcium,

phosphorus and magnesium in the final vermicomposts.

Similar results were observed by Sierra et al. (2013) who

concluded that vermicomposting enhanced end quality

concerning calcium, phosphorus and magnesium contents,

especially for treatments with high cattle manure contents.

Calcium is an important physiological supplement for

organisms. Higher level of calcium in the vermicomposts

indicated their potential as organic fertilizers in agronomy

(Lim et al. 2011). As compared to the initial feedstocks

(Fig. 4), the maximum increases in the total calcium con-

tent in the final vermicomposts were obtained from the

treatments of E2:D1 (?373.17 %), followed by E3:D1

(?268.54 %), E1:D2 (?187.27 %), E1:D3 (?142.16 %),

E1:D1 (?95.74 %) and E (?39.38 %). Similar increase in

total calcium in the vermicompost was reported by some

researchers who used E. eugeniae in vermicomposting of

agricultural wastes (Lim et al. 2011, 2012). For example,

Lim et al. (2011) reported an increase in calcium content in

the mixture of soybean husk and market-rejected papaya

after 9 weeks of vermicomposting process using E. euge-

niae. Besides, Lim et al. (2012) also found that E. eugeniae

enabled the biotransformation of rice husk, which was

mixed with an equal amount of market-refused papaya, into

vermicompost with higher calcium content. The richness of

organic wastes used as feedstocks is important in deter-

mining the final total calcium level in the vermicompost

(Lim et al. 2014).

Phosphorus indicates the agronomic potential for crop

production because phosphorus is an important nutrient,

which is required for photosynthesis, energy transfer within

plants as well as for good flowering and fruit growth (Lim

et al. 2011). Although total phosphorus is required for

assimilation of earthworms during vermicomposting pro-

cess, the quantity required is usually very low as compared

to the total quantity present in the feed material (Yadav

et al. 2012). Figure 5 indicates the maximum increases in

the total phosphorus content in the final vermicomposts

were obtained from the treatments of E2:D1 (?390.54 %),

followed by E3:D1 (?308.11 %), E1:D2 (?203.63 %),

E1:D3 (?164.41 %), E1:D1 (?155.35 %) and E

(?15.15 %). Hait and Tare (2011) reported similar results

during vermicomposting of waste activated sludge. Nayak

et al. (2013) also observed a gradual increase in either total

or available phosphorus in the waste mixtures (consisted of

sewage sludge, cattle manure and saw dust) throughout the

vermicomposting period of 45 days.

Potassium in fertilizer is widely studied because potas-

sium improves the water usability of plant and enhances

the growth of crop (Hejcman et al. 2012). By comparison,

the maximum increases in the total potassium content in
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the final vermicomposts were obtained from the treatments

of E2:D1 (?153.66 %), followed by E1:D1 (?145.16 %),

E3:D1 (?117.10 %), E1:D2 (?84.51 %), E (?79.48 %)

and E1:D3 (?45.55 %). The potassium contents in the

vermicomposts were higher than the controls (except

E1:D3 treatment) after 12 weeks of vermicomposting

process (Fig. 6). Recent study conducted by Lim et al.

(2014) also found that the waste mixtures consisted of palm

oil mill effluent and rice straw could be biotransformed by

E. eugeniae into vermicomposts, which were richer in total

potassium content than the initial waste mixtures or con-

trols without earthworms. However, Sierra et al. (2013)

reported that loss of total potassium was more evident in

vermicomposts than in composts, in which case the

potassium losses at the end of biodegradation of green

wastes amended with cattle manure were 50 and 39 % for

vermicomposts and composts, respectively.

Magnesium is an important parameter for plant growth

because magnesium is essential for chloroplasts, being the

central element in chlorophyll, and acts as a cofactor in

various enzymatic processes associated with photosynthe-

sis, respiration and energetic metabolism (Ruan et al.

2011). Figure 7 shows that the maximum increases in total

magnesium content in the final vermicomposts were

obtained from the treatments of E2:D1 (?370.93 %), fol-

lowed by E3:D1 (?245.36 %), E1:D2 (?206.10 %),

E1:D3 (?163.60 %), E1:D1 (?83.58 %) and E

(?55.86 %). Some recent studies also indicated that the

final vermicomposts contained higher total magnesium

content after the earthworms were incorporated into bio-

degradation process of solid wastes (Domı́nguez and

Gómez-Brandón 2013; Lim et al. 2014). Until now, the

direct contribution of earthworm in magnesium metabo-

lism is still unclear. It is hypothesized that fungal and

microalgal hyphae, which easily colonize on freshly

deposited worm casts, are contributing to trace level of

magnesium in the final vermicompost (Suthar 2010b; Lim

et al. 2012). Domı́nguez and Gómez-Brandón (2013) found

that the presence of earthworms increased total magnesium

content in the solid wastes over time but this effect was

more obvious in the manure rather than sewage sludge.

Also, Lim et al. (2014) found that the final vermicomposts

which were derived from palm oil mill effluent after

6 weeks of vermicomposting had higher total magnesium

contents when rice straw (rather than soil) was used as an

amendment. Thus, the total magnesium content in the

vermicompost might also be dependent on the type of

waste or amendment used during vermicomposting

process.

Generally, the overall increase in total nutrient contents

in the vermicompost was due to the reduction in the weight

of initial feedstock during vermicomposting process (Hait

and Tare 2011). The concentration effect was caused by the

degradation of organic matter, which reduced the volume

of feedstock due to the release of carbon dioxide during

vermicomposting process (Garg et al. 2012). Also, the total

nutrient contents in the vermicomposts were higher than in

the controls, indicating that earthworms accelerated the

decomposition of organic matters.
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Fig. 8 Photo images of a initial waste mixture and b final vermi-

compost of E2:D1 treatment
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Physical structure of waste mixture and vermicompost

Among all the treatments investigated, treatment of E2:D1

provided the best quality of vermicompost (in terms of the

lowest C/N ratio and the highest percentage increase in

nutrient contents) and encouraged the growth rate of E.

eugeniae. Thus, qualitative evaluations of the final vermi-

compost produced from the treatment of E2:D1 were

investigated in this study. Vermicompost in the treatment

of E2:D1 exhibited greater surface area (Fig. 8b) as com-

pared to initial waste mixture (Fig. 8a) because the ver-

micompost obtained was smaller in size with granular

structure. Furthermore, the color of vermicompost was also

darker as compared to the initial waste mixture. These

observations were consistent with those reported by Yadav

and Garg (2009) as well as Lim et al. (2012). However,

some empty fruit bunch residues still could be detected in

the final vermicompost (Fig. 8b), indicating that the initial

waste mixture might not be fully vermicomposted. It is

suggested that the duration of vermicomposting process

could be extended to ensure complete biotransformation of

empty fruit bunches into vermicompost using E. eugeniae.

The scanning electron microscopy (SEM) images of the

initial waste mixture and final vermicompost are depicted

in Fig. 9a, b, respectively. The SEM image shows that the

initial waste mixture of E2:D1 treatment, which was

mainly consisted of empty fruit bunches, had the form of

long fiber (Fig. 9a). After 12 weeks of vermicomposting

process, the vermicompost exhibited a distinct physical

appearance as compared to the initial waste mixture, being

more granular in shape with greater surface area in the final

vermicompost (Fig. 9b). This structure possessed better

permeability of water and ventilation, thus reducing soil

agglomeration during the soil application process and

making the final vermicompost to be suitable for organic

fertilizer (Li et al. 2011).

Comparison between current and earlier research

on vermicomposting of empty fruit bunches

Limited study is devoted to vermicomposting of biomass

residues generated from oil palm mill. Nahrul Hayawin

et al. (2010) carried out a research on vermicomposting of

empty fruit bunches, oil palm trunk and oil palm frond

Fig. 9 9110 magnification SEM images of a initial waste mixture

and b final vermicompost of E2:D1 treatment

Table 5 Comparison between earlier and current study on vermi-

composting of empty fruit bunches

References Current

study

Nahrul

Hayawin

et al. (2010)

Sabrina et al.

(2009)

Earthworm

species

Eudrilus

eugeniae

Eudrilus

eugeniae

Eisenia fetida

Amendment Cow dung – Cow dung

Precomposting No Yes Yes (4 weeks)

Vermicomposting

duration

12 weeks 12 weeks 12 weeks

Moisture content

(%)

75 ± 10 70 ± 10 80–85

C/N ratio of

vermicompost

18.53 *36.49 12.91

pH of

vermicompost

7.80 7.50 7.87

Calcium content

(g/kg)

7.76 – 1.92

Phosphorus

content (g/kg)

3.63 0.25 2.22

Potassium content

(g/kg)

12.81 0.69 53.55

Magnesium

content (g/kg)

4.05 – 3.00

Remarks Treatment

of E2:D1

Treatment of

empty fruit

bunches

only

Stocking density of

treatment 1:6

(earthworm/

media) ratio
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using E. eugeniae with a precomposting (the duration of

pretreatment was not stated), and their results showed that

empty fruit bunches were the best substrates for E. euge-

niae. The result obtained by Nahrul Hayawin et al. (2010)

showed that after 84 days of vermicomposting, C/N ratio

of the vermicomposts was still remained high at about

36.49, indicating that the produced vermicomposts were

not matured enough to be used as a suitable fertilizer

because plants cannot assimilate nitrogen unless the C/N

ratio is in the order of 20 or less (Khwairakpam and

Bhargava 2009). Earlier, Sabrina et al. (2009) carried out a

research on vermicomposting of empty fruit bunches using

three species of earthworms, namely Eisenia fetida, Pon-

toscolex corethrutus and Amynthas rodericensis, but only

E. fetida was able to survive in empty fruit bunches. In

order to produce vermicompost of C/N ratio less than 20,

longer duration was suggested in which case a total of

16 weeks were needed, including 4 weeks of precompo-

sting process (Table 5). Table 5 summarizes comparison

results between the current and earlier research on vermi-

composting of empty fruit bunches, further justifying that

the current study was able to produce mature vermicom-

posts in a shorter period of time using E. eugeniae with

suitable incorporation of cow dung. However, further

research is required to investigate the cost-effective strat-

egies for vermicomposting empty fruit bunches in larger

scale, in which case vermicomposting has been proven

successfully to biodegrade huge amounts of agro-industrial

wastes (Table 6).

Conclusion

The present study provides a basis of empty fruit bunch

reuse as a feedstock in vermicomposting process. After

12 weeks of vermicomposting process using E. eugeniae,

the final vermicompost showed greater increases in plant

nutrients, e.g., nitrogen, calcium, phosphorus, potassium

and magnesium. Among all the treatments investigated,

empty fruit bunches which were mixed with cow dung in

the ratio of 2:1 (E2:D1 treatment) showed superior quality

vermicompost with desired C/N ratio at 18.53 and the

highest percentage increases in total nutritional status

(calcium, ?373.17 %; phosphorus, 390.54 %; potassium,

?153.66 %; and magnesium, 370.93 %). Also, the treat-

ment of E2:D1 encouraged the growth of earthworms in

terms of the maximum biomass of earthworms (13.39 g)

and number of earthworms (32). In short, this study sug-

gests that the empty fruit bunches which were mixed with

an appropriate ratio of cow dung could be easily vermi-

composted by E. eugeniae and the vermicompost produced

could be utilized as an efficient organic fertilizer for sus-

tainable land restoration practices.
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