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Abstract

Time and storage space are the main constraints facing by the current Malaysia composting industries which are handling
lignocellulosic food industry waste such as empty fruit bunch (EFB), coffee ground (CG) and palm oil mill sludge (POMS).
To develop an efficient accelerated composting method for lignocellulosic food industry waste in Malaysia, a new approach
which combined two distinct technologies to achieve rapid composting; (i) co-composting with combination of different
lignocellulosic materials and (ii) inoculation of the co-composting with mixture of microorganism were presented in this
study. All the mixtures achieved thermophilic condition on the first week of composting, with 50% EFB +50% CG com-
bination recorded the highest temperature of 56 °C. The mixtures with initial C/N ratios within 25-35 showed the highest
reduction in holocellulose, cellulose, hemicellulose and lignin content while compost mixture with initial C/N ratio more
than 50 had a minimal reduction. The C/N ratio for 50% EFB +25% CG +25% POMS combination was reduced to less than
20 after 4 weeks of co-composting process while the other treatments needed longer composting duration. During thermo-
philic phase, higher population of bacteria (10’-108 CFU/g DW) was observed, followed by fungi (10°~10° CFU/g DW)
and actinomycetes (10°-10° CFU/g DW) populations. However, higher population of actinobacteria (10*~10° CFU/g DW)
compared to bacterial (10*~10° CFU/g DW) and fungal (10°~10* CFU/g DW) was found during latter stages. By reducing
both the time and space required for composting lignocellulosic food industry waste, this accelerated co-composting method
may be a viable option for food industries searching for a long-term, practical solution for solid biowaste disposal issues.
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Statement of Novelty

The new approach discussed in this paper combines two
distinct technologies to achieve rapid composting of lig-
nocellulosic food industry waste; (i) co-composting with
combination of different lignocellulosic materials and (ii)
inoculation of the co-composting with mixture of micro-
organism. To activate an efficient composting process with
higher biodegradation rate and better quality of the compost,
a few types of materials has to be mixed together to startup
the composting process. The observations of physicochemi-
cal properties change during co-composting in this study
provide significant understanding on the suitability condi-
tions and nutrients sufficiency required by the microbes to
achieve effective composting. By reducing both the time and
space required for composting lignocellulosic food indus-
try waste, this accelerated co-composting method may be a
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viable option for food industries searching for a long-term,
practical solution for solid biowaste disposal issues.

Introduction

In Malaysia, agriculture residues accounted nearly 70% of
the total 70 million tons of the organic waste discharged per
year. As one of the world’s largest palm oil producers, the
achievement comes at a price. A single ton of crude palm oil
generates huge amounts of by-products, which include 1.5
ton of empty fruit bunch (EFB) and 3 ton of palm oil mill
effluent (POME) with a total solid content of 0.6% known
as palm oil mill sludge (POMS). Instant coffee is also grow-
ing industry in Malaysia. In 2018, approximately 900,000
ton of the coffee bean is imported from Indonesia, Vietnam
and Brazil with most of these coffee imports are for instant
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coffee production. About 330-450 kg of instant coffee drink
is produced from 1 ton of coffee beans, whereas 550-670 kg
known as spent coffee grounds is generated [1]. EFB con-
tains high in potassium (2.4%) while coffee ground (CG) and
POMS is a good nitrogen source with total nitrogen of 0.7%
and 4.1%, respectively [2]. These lignocellulosic waste from
the food industry (EFB, POMS and CG) contained relatively
low amounts of heavy metals content when compared with
the maximum allowable content specific in MS 1517:2012
standard for organic fertilizer. In the food processing mill,
EFB and coffee ground had also gone through a process that
involved high pressure and temperature which had probably
destroyed most of the plant disease bearing microorganisms
or insects. Due to their abundant availability and chemi-
cal content, EFB, POMS and coffee ground were judged to
be good composting materials as a way to recycle nutrients
back into the soil.

However, a lot of local industries in Malaysia fail to do
composting in large scale with lignocellulosic biomass as
the raw material. Failures have been attributed to many rea-
sons. One of the core reasons is the lignocellulosic biomass
composting require very long time to fully decompose. Sev-
eral researchers reported that the time taken for lignocel-
lulosic biomass to reach maturity stage will take at least
four months and above [3-6]. The composting process which
involve long duration of accomplishment will directly affect
the cost of the production and reduce the economic value.
In addition, huge compost area is required to allocate the
compost piles due to the lengthy composting process.

Time to maturity always the main concern in all compost-
ing process. Efficient biodegradation in composting is influ-
ence by the types of organic compounds (carbon or nitrogen
source), chemical composition (alpha-cellulose, hemicellu-
lose and lignin), and concentration of other organic com-
pounds [7]. During composting, some organic compounds
such as oil and grease will degrade faster than other highly
complex organic compounds, though all will eventually
decompose over a length of time. Carbon-to-nitrogen (C/N)
ratio is the most important aspect that controls the heat up
ability in the compost piles and the quality of the compost
produced. A balance of carbon and nitrogen compounds is
needed to create the proper environment for composting to
occur. If the C/N ratios in the compost materials are not in
an appropriate range for composting, longer time is required
to achieve maturity [8]. In addition, lignocellulosic materials
such as empty fruit bunch (EFB) and coffee grounds are not
suitable to be composted alone because it mainly composes
of highly complex organic compounds (lignin, cellulose) and
with less readily biodegradable organic material.

To activate an efficient composting process with higher
biodegradation rate and better quality of the compost, a
few types of materials has to be mixed together to startup
the composting process. The mixing ratio largely depends

on the bioavailability of carbon and nitrogen level in the
compost materials. For EFB to be rapidly composted, it
is necessary to incorporate second material as compost
substrate that have complementary properties, such as a
low C/N ratio as well as balancing moisture [9]. Relatively,
for POMS and coffee ground to be rapidly composted,
high C/N ratio material can be added to increase the car-
bon content in the compost to induce the microorganism
to behave more aggressively in competing for nitrogen
which help to increase the microbial activity [9]. Single
raw material composting with POMS or coffee ground
alone will also create a dense and compact compost pile
causes air circulation through the pile is inhibited [2]. This
decreases oxygen available to microorganisms within the
pile and ultimately decreases the rate of microbial activ-
ity. Mixing POMS and CG with materials with a lower
bulk density such as EFB may create a compost pile with
a sufficient compaction to induce microbial activity and
degradation process.

A mixture of two or more types of organic materials in
a compost is called co-composting. Five different mixing
ratios were tested in this study to determine the effective
biodegradation of lignocellulosic biomass from the food
industry and at the same time shorten the composting period.
A mixture of bacteria and fungi was used as the inoculums
to intensify the composting process especially dealing with
high oil content food industries waste such as EFB, cof-
fee ground and POMS. The new approach discussed in this
paper combines two distinct technologies to achieve rapid
composting; (i) co-composting with combination of differ-
ent lignocellulosic materials and (ii) inoculation of the co-
composting with mixture of microorganism.

Materials and Methods
Preparation of Composting Materials

Three lignocelluloses-based materials selected in this study
include empty fruit bunch (EFB), palm oil mill sludge
(POMS) and spent coffee ground (CG). Shredded EFB and
POMS were collected from Seri Ulu Langat Palm Oil Mill,
Selangor. EFB was shredded in the palm oil mill using a
shredder known as the cutter cum oil extractor which pro-
duced EFB fibre with the length of 2” to 4”. This shredder
machine tears, shreds and squeezes the EFB in a single pass.
POMS was desludged and collected from the anaerobic or
aerobic ponds of the palm oil mill. Whereas spent coffee
ground was supplied by All Cosmos Industries Sdn. Bhd.,
Johor. The physical and chemical properties of EFB, POMS
and CG were tested and evaluated prior to the composting
process.
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Mixture of Microorganism

A commercial microbial inoculant product containing Bacil-
lus subtilis, Aspergillus sp. and actinobacteria: EM-1™
(Effective Microorganism 1) was purchased from All Cos-
mos Industries Sdn. Bhd., Johor, Malaysia. 10 g of freeze-
dried microorganism with 50% Bacillus subtilis, 40% Asper-
gillus sp. and 10% actinobacteria were weighed and mixed
with 1 L distilled water. The mixed culture of microorganism
solution was aerated for 24 h using a fish air pump prior
the start of the composting process. The mixtures were then
sprayed evenly on the compost materials with the ratio 1:500
(w/w). Another batch of microorganism mixture will again
be prepared using the same technique on the sixth day and
sprayed on the seventh day of composting process.

Co-composting Establishment

To establish effective biodegradation of lignocellulosic
materials, EFB as a carbon source material was mixed with
materials with higher nitrogen content; coffee grounds and
POMS for accelerated co-composting process. Total five
mixing ratio of compost materials were fixed in the study
(Table 1): (i) 50% EFB mixed with 50% CG; (ii) 50% EFB
mixed with 50% POMS; (iii) 70% EFB mixed with 15% CG
and 15% POMS; (iv) 50% EFB mixed with 25% CG and 25%
POMS; (v) 30% EFB mixed with 35% CG and 35% POMS.

Composting process was performed in the laboratory.
Five kilograms of each selected mixture of lignocellulosic
food industry waste (Table 1) were placed in each compost-
ing boxes (48 cm X 36 cm X 32 cm) made from polystyrene.
In order to ensure excess water was able to flow out from the
materials and to prevent anaerobic reactions from occurring,
sixteen of 1 cm diameter holes were made at the bottom
of each composting box. A total of 15 composting boxes
were set up with three boxes for each mixtures of compost-
ing materials. Manually turning was used in this study as a
method of aeration. Turning was done manually once every
6 days using a spade by mingling the compost materials
from the bottom to the top of the box. The composting box
was labeled accordingly and covered with canvas to reduce
heat loss. The composting process was recorded for 60 days.

Table 1 Different compost pile combinations with different ratio of
compost materials

Combination Ratio of mixing

50% EFB +50% CG

50% EFB +50% POMS

70% EFB +15% CG + 15% POMS
50% EFB +25% CG+25% POMS
30% EFB +35% CG +35% POMS

w AW N =
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Temperature, Moisture Content and pH Monitoring

The compost activities were monitored by measuring the
temperature, moisture content and pH of the compost. These
measurements may provide a basic understanding of the
degradation of lignocellulosic materials during the com-
posting process.

Temperature was monitored daily with a digital thermom-
eter probe within the time range of 12 pm to 2 pm. Moisture
content and pH of the compost were measured weekly. The
pH was measured via suspension of sample in distilled water
(5 g/50 ml), after standing for 2 h. In this study, the moisture
content of compost was controlled at 40-60% by material
weight. The determination of moisture content in the sam-
ples was carried via the oven-dry method. Sample was oven
dried at 105 °C for 24 h and reweighed. Samples with mois-
ture content lower than 40% will be watered to maintain the
moisture content in the range of 40 to 60%.

Evaluation

The organic compound and chemical composition of lig-
nocelluloses-based materials were tested and evaluated
prior to the composting. 100 g samples were collected at
different locations of the compost: bottom, core and sur-
face. Each sample was oven-dried at 60 °C, grinded and
screened through a 2 mm sieve prior for chemical analysis.
Each sample was analyzed for the following parameters:
total nitrogen, total organic carbon, organic matters, oil and
grease, lignin, hemicellulose and alpha-cellulose content.
All analyses were done in three replicates. The results shown
were mean value of the triplicate.

Organic Compound and Chemical Composition

Determination of oil and grease content was conducted
according to EPA method 9071b. Five gram of the dried
sample was extracted with 200 ml n-hexane in Soxhlet
apparatus for 4 h. The n-hexane extract was concentrated
by rotary vacuum evaporator and then air dried. The oil
and grease content were defined as the amount of organic
matters (oil and grease) recovered in mass compared with
the initial amount of compost sample and was presented in
percentage (%). Total organic matter was determined via
loss-on-ignition method (LOI) by burning dried sample in
the muffle furnace at 550 °C for 24 h. The ash that remained
was weighed and organic matter was determined by the dif-
ference in weight between the original and ignited sample.

Holocellulose, lignin content, hemicellulose and alpha-
cellulose content of the samples were determined based
on TAPPI (Technical Association of the Pulp and Paper
Industry) standard T 203. Acid-insoluble materials consist-
ing majority of lignin were determined by quantitative acid



Waste and Biomass Valorization (2020) 11:4871-4884

4875

hydrolysis with 72% H,SO, according to the T-249 em-85.
Hemicellulose and alpha-cellulose contents were determined
according to T429 cm-10 and Wise method [10]. The analy-
ses on organic compounds were done in ash free basis.

Total Nitrogen, Total Organic Carbon, Organic Matters, Oil
and Grease

Biodegradability of carbon in the compost can be measured
by determining the changes of total organic carbon during
composting process [11]. The total organic carbon (TOC)
was determined based on the Walkley and Black wet diges-
tion method [12]. One gram of the oven dried sample was
placed into a 500 ml conical flask. 10 ml of 1 N potassium
dichromate and 20 ml of concentrated sulphuric acid were
added to the conical flask and kept for 30 min. Then it was
diluted with 200 ml of distilled water. 10 ml of concentrated
orthophosphoric acid and 1 ml of diphenylamine indica-
tor were added to the flask. The above contents were later
titrated against standard ferrous ammonium sulphate. The
end point was noted when the solution turned from blue to
green.

Total nitrogen (TN) was analysed using the Kjeldahl
method [13]. The Kjeldahl method entails digestion and dis-
tillation. The sample was digested in concentrated sulphuric
acid with a catalyst mixture to raise the boiling temperature
and to promote the conversion of organic-N to ammonium-
N. Then, the ammonium-N from the digestion was obtained
by steam distillation, and NaOH was added to increase the
pH. The distillate was collected in 2% boric acid indicator
solution, and then titrated with dilute sulphuric acid until
the colour changes from green to purple. The C/N ratio was
determined as TOC/TN.

Colony Forming Unit (CFU) of the Microorganism
in the Compost

Colony forming unit (CFU) of the microorganism in the
compost was determined to estimate the number of viable
microorganisms (bacteria, fungi or actinobacteria) in the
compost. Isolation of microorganisms was carried out every
2 weeks throughout the whole composting process. 1 g of
compost samples (depending on dried weight) were added
to 9 ml of sterilized water. The samples were agitated for
30 min which gave a dilution of 107!, 1 ml of solution from
dilution of 10~ were then transferred to a universal bottle
which contains 9 ml of sterilized water gave a dilution of
1072, The solution was agitated for homogenize purpose.
Tenfold serial dilutions were made up to 1075, Then, an
amount of 0.1 ml from the diluted samples was spread on
Nutrient Agar (NA) for bacteria and Actinomycete Isolation
Agar (AIA) for actinobacteria by using glass spreader. The
media compositions of the NA: peptone (5 g/l), meat extract

(1 g/1), yeast extract (2 g/1), NaCl (5 g/1) and agar (20 g/1).
The media compositions of the AIA: L-asparagine (0.1 g/1),
dipotassium phosphate ferrous sulfate (0.001 g/1), magne-
sium sulfate (0.1 g/l) and agar (15 g/1). Cycloheximide was
added as antibiotic in NA and AIA to avoid contamination
by fungi. The fungi species in compost were isolated using
Potato Dextrose Agar (PDA). In order to suppress bacterial
growth, streptomycin (50 mg/ml) was added to PDA. The
petri plates were labeled and sealed with parafilms. Then
the petri plates were incubated at 30 °C with 85+ 5% rela-
tive humidity for 24 h for bacteria and 4-5 days for fungi.
Standard plate count (SPC) was performed to determine the
number of colonies of bacteria, fungi and actinobacteria
grown on the respective media [14]. Only the number of
colonies in the range of 30-300 was counted.

Number of colonies per gram of dry weight sample (CFU/g DW)

_ *C
T [(Ixnl)+ (0.1 xn2)]d

where: 2C =sum of all colonies on all plates counted,
nl =number of plates in lower dilution counted, n2 =num-
ber of plates in next highest dilution counted, d =dilution
from which the first counts were obtained.

Results and Discussion
Temperature

Temperature is a good indicator of the various stages of the
composting process. The process is divided into four phases
based on temperature. The first stage is the mesophilic stage,
where mesophilic organisms generate large quantities of
metabolic heat and energy due to availability of abundant
nutrients, but gradually this will pave the way for the domi-
nance of thermophiles (> 45 °C). With depletion of food
sources, overall microbial activity decreases and tempera-
ture falls to ambient, leading to the second mesophilic stage,
where microbial growth are slower as readily available food
is consumed. Finally, compost material enters the maturation
stage. Figure 1 shows the changes of temperature profiles in
the five co-compost mixtures during 8 weeks of compost-
ing process. Temperature increased sharply at the beginning
of the composting process; all compost mixtures exceeded
40 °C in 24 h. The temperature remained above 40 °C for at
least 6 days and gradually declined to the level of ambient
temperature.

All the mixtures achieved thermophilic condition
(>45 °C) on the first week of composting, with Combina-
tion 1 recorded the highest temperature of 56 °C, followed
by Combination 2 (53.5 °C), Combination 3 (50 °C), Com-
bination 4 (46.5 °C), and Combination 5 (45 °C). High
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Fig. 1 Changes of temperature 60
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temperatures support degradation of recalcitrant organics
such as lignocellulose and elimination of pathogenic and
allergenic microorganisms [15]. According to Ishak et al.
[15], the optimum biodegradation rate in the compost piles
occurred at 45-55 °C while optimum microbial activity
occurred at 35—40 °C. Gajalakshimi and Abbasi [16] stated
that the organisms which responsible for the composting
process can either become inhibited or die if the tempera-
tures in the pile rise above 60 °C.

Temperature increases as a function of metabolic heat
evolution of the degrading microflora and heat conserva-
tion due to the naturally insulating property of organic waste
[17, 18]. Availability of nutrient from organic materials for
microbial activity play an important role for the compost to
reach thermophilic temperature as temperature of a com-
post pile is primarily a product of the metabolic heat being
generated in the pile from microbial activity [19]. The ther-
mophilic stage continues until the heat production becomes
lower than heat dissipation, due to the exhaustion of easily
metabolizable substrates. However, compost pile tempera-
tures can also be affected by physical characteristics of the
materials being composted (bulk density and particle size),
as well as chemical reactions [20]. A sufficiently compact
compost pile in correlate to the bulk density and particle
size of the raw material will have self-insulating properties
which caused higher temperature during thermophilic phase
[17, 18]. This is due to the heat generated by the microbial
activity is retained in the composting mass. For this reason,
temperature is not always a good parameter to predict micro-
bial activity. Especially when comparing different compost
pile set up from different combination of raw materials with
different thermal properties.

Combination 1 recorded the highest temperature during
thermophilic phase. This may due to the high metabolic heat
generated in the pile from microbial activity, in conjunction
with the high thermal properties from the combination of
raw materials. But this did not reflect a higher biodegra-
dation rate of this combination. When compared with the
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results for single raw material composting of CG, POMS
and EFB reported by H’ng et al. [9], the highest tempera-
ture recorded in this study were higher than the composting
temperature with single raw material [9]. This may due to
two reasons: (1) higher microbial activity composting which
triggered by the higher accessible form of nitrogen and car-
bon for the microbes from the mixing of more than one type
of materials in the compost,(2) a sufficient compaction of
the compost pile in correlate to the bulk density and particle
size of the raw material combinations have created a higher
self-insulating properties. EFB has the lowest bulk density
(66.98 kg/m?), while coffee ground and POMS have the bulk
density of 467.38 kg/m® and 753.43 kg/m>, respectively [2].
The combinations of these raw materials, change the bulk
density of the compost pile and indirectly affect the thermal
properties. Mukhtar et al. [21] stated that the best range of
bulk density at the beginning of composting is between 400
and 600 kg/m®.

pH

The changes of pH profiles during various stages of com-
posting are shown in Fig. 2. Each compost mixture resulted
different trends in pH values. The initial pH values of the
compost in this research were ranged from 5.72 to 6.94
which were within the optimal range for composting as
stated in various published research paper [19, 22, 23]. From
different combinations of compost materials, the initial pH
of these compost piles varies. It was observed that when
EFB incorporated with coffee ground and POMS, the initial
pH values were relatively lower compare to 100% EFB (with
pH 8.6). This is due to the lower pH of coffee ground (pH
5.1) and POMS (pH 5.2) in nature compared to EFB.
Trends of pH profiles started with a low pH and increased,
fluctuated, and then showed slight drop at the end of the
process. Generally, the pH of compost piles with different
combinations increased at the beginning of composting
period and then slight drop with final values ranged from
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Fig.2 Changes of pH profiles in 9
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6.21 to 7.32. After 60 days of co-composting process, the pH
values of final compost were fall within the recommended
range for organic fertilizer (5.0 to 8.0) according to the for-
tified organic fertilizer- specification from Department of
Standards Malaysia [24]. During composting, pH change
is predictable. With a rapid early activity, pH can rise up to
approximately 8.5 because of ammonification,mineralization
of organic nitrogen converted to ammonia nitrogen [25].
Whereas, a decrease in pH may be caused by increased pro-
duction of organic acids or increased nitrification. During
the fermentation processing that caused oxygen limitation,
compost may also slightly drop in pH [25].

Total Organic Carbon, Total Nitrogen and C/N Ratio

Figure 3 shows the changes of total organic carbon, total
nitrogen and C/N ratio profiles during 8 weeks of co-com-
posting process. The compost mixtures contained 45.51%,
30.62%, 44.41%, 39.49% and 39.73% of total organic carbon
by the end of the process, a carbon-based substance in the
form which was largely inaccessible to most organisms.

In general, total nitrogen increase with time (Fig. 4). The
compost mixtures initially contained low nitrogen content
(0.96 to 1.56%), increased after 8 weeks of composting. This
may due to the release of organic acid and nitrification that

Fig.3 Changes of total organic 55

occurred during the composting process and subsequently
accumulate the nitrogen content. Nitrate increased with time
during the composting process due to the accumulation of
nitrate as a result of the conversion of ammonia to nitrate
during the nitrification process. Nitrification is defined as
conversion of the most reduced form of nitrogen (NHj;) to
its most oxidized form (i.e. nitrate) and it is performed in
two steps which are carried out by two different groups of
microorganisms: the ammonia-oxidizing bacteria or archaea
and the nitrite-oxidizing bacteria [26]. Nitrification occurs
mainly during the maturation stage due to the elevated tem-
perature and intense biodegradation of organic matter in the
active phase of composting [27]. The final nitrogen content
in the compost mixtures ranged from 1.9 to 2.87%. In addi-
tion, it has been reported that co-composting has better effect
in preserving nitrogen content compare to single materials
composting [28]. The loss of nitrogen as ammonia to the
atmosphere was probably minimal in the study.

Organic matter decomposition is affected by the pres-
ence of carbon and nitrogen. Carbon to nitrogen ratio
(C/N) is the ratio of the mass of carbon to the mass of
nitrogen in a material. In composting, C/N ratio is con-
sidered to be the most important parameter, as it reflects
the extent of the bio-transformations that took place in
the compost in chemical terms [29]. Composting with a
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low initial C/N ratio could reduce the quantity of bulk-
ing agent used, yet require a longer composting period
[28]. If carbon is present in excessive amounts relative to
nitrogen where the C/N ratio is above the optimal range,
microorganisms also need longer time to use the excess
carbon and this resulting in slower decomposition. Mixing
carbonaceous materials (EFB) with nitrogen rich mate-
rials (coffee grounds and POMS) produced co-compost
substrates with initial C/N ratio ranged between 27.52 and
53.59. Although the initial C/N ratios in few of the com-
post mixtures were not within the optimum initial range
(C/N ratio 25 to 30) to start the composting process, C/N
ratio decreased gradually as time progressed. The reduc-
tion in C/N ratio was due to the mineralization of organic
matters [30-32]. The distinct reduction of carbon content
and increase of nitrogen content during co-composting
process had caused a marked decline in the C/N ratio as
shown in Fig. 5.

The proper balance of nutrients is vital to the com-
posting process. If carbon and nitrogen are present in the
proper ratio, the other nutrients also tend to be present in
the acceptable amounts. For best performance, the compost
pile requires the correct proportion of carbon for energy and

Fig.5 Changes of C/N ratio

nitrogen for protein production of composting microorgan-
isms as mentioned by Guo et al. [16]. An ideal initial C/N
ratio can produce good quality compost and reduce decom-
posing time. In single raw material composting reported by
H’ng et al. [9] using EFB, coffee grounds and POMS, the
materials were not effectively composted and required an
extensive composting period. Even after 8 weeks of com-
posting, the C/N ratio of EFB (C/N ratio 45) and CG (C/N
ratio 25) compost pile did not reached lower 20 [9]. Addi-
tion of coffee grounds and POMS to EFB showed prominent
changes. The C/N ratio was reduced to less than 20 within
5 weeks of co-composting process except Combination 1
and Combination 3. These 2 combinations had a higher ini-
tial C/N ratio compared to the other combinations. Microor-
ganisms needed longer time to use to use the excess carbon
and this resulting in slower decomposition.

C/N ratio has also been used as the primary indicator
of compost maturity and quality. A mature compost should
had a C/N ratio below 20/1 [33, 34]. The C/N ratio for treat-
ment 50% EFB +25% CG +25% POMS was reduced to less
than 20 after 4 weeks of co-composting process while the
other treatments needed longer composting duration. The
reduction of C/N ratio was greater by composting mixture

profiles in co-composting

process

—— 50%EFB+50%CG

C/N ratio
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of lignocellulosic materials as presented in this study when
compared to single raw material composting reported by
H’ng et al. [9]. Mixing EFB with coffee grounds and POMS
has created a favorable condition for microbial growth that
caused the rise in temperature of the compost piles. Mixing
the compost substrates can facilitate and initiate rapid micro-
bial activity which cause higher rate hydrocarbon substrate
breakdown [35].

90

Fig.6 Changes of holocellu-

Holocellulose, Alpha-Cellulose, Hemicellulose
and Lignin

Evident changes in holocellulose, alpha-cellulose, hemi-
cellulose and lignin were found during the co-composting
(Figs. 6, 7, 8, 9). After 60 days of co-composting, all the
compost mixtures showed great loss in holocellulose, alpha-
cellulose, hemicellulose and lignin content. Results shows
that Combination 4 had the most reduction in hemicellulose
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Fig.7 Changes of alpha-cellu-
lose content in co-composting
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Fig.9 Changes of lignin con-
tent in co-composting process

25
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3

4 5 6 7 8

Composting Duration (Weeks)

and lignin content whilst Combination 2 had the most reduc-
tion of holocellulose and alpha-cellulose content. In con-
trast, compost mixture with 70% EFB showed the lowest
degradation in the chemical composition. Compared to the
alpha-cellulose and hemicelluloses degradation, the bio-
degradation of and lignin were considerably lower. Low
degradation of lignin is due to its complex structure and
association to cell-wall polysaccharides. Therefore, lignin
requires longer time to be fully degraded. Lignin is one of
the main constituents of plant cell walls, and its complex
chemical structure makes it highly resistant to microbial
degradation [36].

In general, the biodegradation rate in chemical composi-
tion was affected by the initial C/N ratio. The mixtures with
initial C/N ratios within 25-35 showed the highest reduc-
tion in holocellulose, cellulose, hemicellulose and lignin
content while compost mixture with initial C/N ratio more
than 50 had a minimal reduction. There is no doubt that co-
composting will create higher degradation rate compared to
single raw materials composting, thus, proper mixing ratio
of EFB, coffee grounds and POMS can create effective

biodegradation process by optimizing the microbial activity
in the piles and reached maturity in shorter time. Neverthe-
less, all the compost mixtures were in the range of mature
level, C/N ratio < 20 by the end of process except Combina-
tion 3 with 70% of EFB mixture.

Microbial Populations During Composting

High microbial activities normally favor faster biodegrada-
tion of organic matter. Composting is normally populated by
three general categories of microorganisms: bacteria, actino-
bacteria and fungi. The changes in the bacteria, fungal and
actinobacteria population were shown in Tables 2, 3, and 4.
The microbial diversity during composting may vary with
the selection of composting materials and available nutrient
composition [37]. It was found that the microbial popula-
tions were increased after mixing with the selected compost
materials. Proper mixing enables to balance the carbon and
nitrogen content in the compost piles that required by the
microorganism to initiate the decomposition process.

Table 2 Change in the
bacterial population during the

Time (week) Bacterial population (CFU/g DW)

co-composting process 50% EFB +50% CG 50% 70% EFB+15% 50% EFB+25% 30% EFB+35%
EFB+50% CG+15%POMS CG+25%POMS CG+35%
POMS POMS
0 1.7x10* 1.6x10° 2.8x10° 1.8x10° 3.4x10°
1 2.1x107 1.9%107 3.2x10’ 6.1x108 1.2x107
2 6.2x10° 2.1x10’ 1.4%107 2.6x107 1.7x108
3 42x10° 1.7%x107 2.5%10° 1.0x107 2.8x10°
4 1.3x10° 7.2x10° 2.9x10° 1.0x107 1.0x10°
5 2.1x10° 52x10°  3.1x10° 1.3x10° 1.0x10°
6 3.5x10* 2.1x10° 2.1x10° 2.8x10° 1.1x10°
7 2.0x10* 23%x10*  29x%10° 1.0x10° 2.0x10*
8 1.5x10* 3.1x10* 1.1x10° 7.1x10* 4.1x10*
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Table 3 Cha“éfe in thf_: Time (week) Fungal population (CFU/g DW)
fungal population during the
co-composting process 50% EFB +50% CG 50% 70% EFB+15% 50% EFB+25% 30% EFB+35%
EFB+50% CG+15%POMS CG+25%POMS CG+35%
POMS POMS
0 3.1x10* 3.5x10° 1.3x10* 2.0x10° 5.1x10°
1 2.0x10° 29x%10° 1.0x10° 2.1x10° 2.0x10°
2 4.8x10° 5.7x10° 8.4x10* 1.2%10° 1.6x10°
3 2.1x10° 1.0x10° 1.1x10* 1.5%10° 1.0x10°
4 1.1x10° 1.8x10° 1.7x10* 2.5%10° 2.0x10°
5 24%x10° 2.1x10° 1.8x10* 1.0x10° 14x10°
6 1.2x10* 1.1x10° 1.9x10* 1.3x10° 1.0x10°
7 2.9x10* 1.7x10%  2.1x10* 1.9x10* 1.1x10*
8 1.0x10* 2.1x10*  42x10* 1.3x10* 2.3x%10°
Tab.le 4 Change in the. Time (week) Actinomycetes population (CFU/g DW)
actinomycetes population
during the co-composting 50% EFB +50% CG 50% 70% EFB+15% 50% EFB+25% 30% EFB +35%
process EFB+50% CG+15% POMS CG+25% POMS CG+35%
POMS POMS
0 1.1x10% 14%10° 1.2%x10° 1.9%10° 1.0x10%
1 1.3x10° 1.2%x10° 1.3%x10° 2.1x10° 1.0x10°
2 3.3x10* 1.0x10° 3.2x10* 1.0x 10 1.1x10*
3 2.1x10* 1.0x10* 2.1x10* 8.1x10* 1.0x10*
4 1.4x10° 2.3x10* 1.9%10* 1.6x10* 1.1x10*
5 1.0x10° 2.5x10* 1.1x10° 1.0x10* 1.3x10*
6 1.0x10* 1.2x10* 1.5%x10° 5.1x10° 1.0x10°
7 1.0x10* 2.1x10° 3.0x10° 6.3x10° 2.1x10°
8 2.6x10° 3.2x10° 5.7x10* 2.2x10° 1.1x10°

In general, there was an increase in the microbial popula-
tion in the early stages of composting as available nutrients
and suitable environmental conditions of the composting
were accessible. The bacterial was found to reach high pop-
ulation during early stage until third week of composting
with CFU of 107 and 108 cfu/g. Then the bacterial popula-
tion gradually decreased to 10* and 10° cfu/g and this might
probably due to the depletion of accessible organic matters
during maturation phase. According to Hassen et al. [38],
the bacteria population started to drop mainly due to the
thermophilic bacteria were inactivated after the thermo-
philic stage (temperature of 40-60 °C; while actinobacteria
and fungi began to emerge. As shown in the Table 2, bac-
terial population increased and reached the peak at CFU
of 108 CFU/g DW during the second week of composting.
The higher the population, the more enzymes produced by
bacteria to assimilate the organic matter in the piles thus
lead to higher degradation [39]. Bacteria are mostly respon-
sible on initial decomposition and heat generation in the
compost. Among all the combinations, Combination 4 (50%
EFB +25% POMS +25% CG) had the highest bacterial

population throughout the composting process ranged from
10* to 10® CFU/g DW. This result was similar to the com-
posting result using agricultural waste reported by Hassen
et al. [38] and Chandna et al. [39], with the bacterial popula-
tion ranged from 10* to 10° CFU/g DW.

The population fungal was lower than bacteria through-
out the composting as illustrated in Table 3. Nevertheless,
the total fungal load was high in all mixtures during the
initial composting with CFU up to 10° CFU/g was recorded.
Higher proportion of fungal population were noted on Com-
bination 4 (50% EFB +25% POMS +25% CG) throughout
the composting process which reached 10® CFU/g DW
on week 6. The fungal population was slightly lower than
municipal solid waste composting reported by Rebollido
et al. [40], where the highest fungal population reported
to reach 10’ CFU/g DW. The fungal population was then
slowly reduced throughout the 8 weeks of composting. As
reported by Dashtban et al. [41], the degradation of com-
plex and recalcitrant substrate such as lignin and cellulose
are usually carried out by fungi. Ideal compost environment
encourages the growth of fungal. A moderately high level
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of nitrogen is required for fungal growth and low nitrogen
content is a limiting factor for the degradation of cellulose
[42]. The statement was confirmed when lower fungal popu-
lation was detected in 70% EFB mixture in the study,the
initial C/N ratio of the mixture was more than 50 showed
lower degradation rate in hemicellulose, cellulose and lignin
throughout 8 weeks compost process.

As shown in Table 4, actinobacteria populations appeared
to be high during the initial rose of temperature which hap-
pened in the first week with CFU of 10° CFU/g DW and
toward the maturation phase of composting. The actinobac-
teria population increase during maturation phase and were
visible on the surface of the compost. Actinobacteria play
an important role in the degrading natural polymers process
and colonize organic materials after bacteria and fungi have
consumed easily degrade fractions during maturation phase
[40]. Since actinobacteria were able to tolerate higher tem-
peratures, the initial increase of the population was believed
due to the growth of the thermophilic actinobacteria [43].
Although their ability to degrade cellulose and lignin is not
as high as fungi, actinobacteria are important agents of lig-
nocellulose degradation during peak heating [41, 44, 45].
Mixture with 70% EFB showed the lowest population of
actinobacteria at week 8.

Initially, all the combinations of substrates before
microbial inoculation were colonized in major propor-
tion by bacteria (10*~10° CFU/g DW), followed by fungi
(10°-10* CFU/g DW) and in lower number by actinomy-
cetes (10-103 CFU/g DW). The numbers of bacterial CFU
were higher than fungal CFU throughout the composting
process. Bacteria are nutritionally also the most diverse
group of compost microorganisms, using a broad range of
enzymes to chemically degrade a variety of organic materi-
als, as a result, bacterial population are usually much higher
than number of other microorganisms [42]. Consequently,
bacteria are responsible for the most of initial decomposition
and heat generation in compost, provide the major growth
requirements are met.

The increase in bacterial and fungal population demon-
strated during the mesophilic phase, was influenced funda-
mentally by temperature. Mesophilic fungi and bacteria are
the dominant active degraders of fresh organic materials.
The high surface/volume ratio of bacteria allows a rapid
transfer of soluble substrate into a cell [46]. During thermo-
philic phase (compost reaching highest temperature), higher
population of bacteria (10’-10® CFU/g DW) was observed,
followed by fungi (10°~10° CFU/g DW) and actinomycetes
(10°-10° CFU/g DW) populations. Nevertheless, actino-
bacteria are commonly identified as one the main groups
responsible for organic matter conversion during latter stages
of composting with the highest population of 10> CFU/g DW
according to Rebollido et al. [42]. The higher population of
actinobacteria (10*~10° CFU/g DW) compared to bacterial
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(10*-10° CFU/g DW) and fungal (10°~10* CFU/g DW) dur-
ing latter stages was also reflected in this study.

Conclusion

Conclusively, the observations of physicochemical proper-
ties change with different ratio combinations of EFB, coffee
grounds and POMS provide significant understanding on the
suitability conditions and nutrients sufficiency required by
the microbes to achieve effective composting. The compost-
ing duration for the lignocellulosic materials was reduced
through the accelerated co-composting method which com-
bines two distinct technologies; (i) co-composting with
combination of different lignocellulosic materials and (ii)
inoculation of the co-composting with mixture of micro-
organism. All the mixtures achieved thermophilic phase
on the first week of composting, with Combination 1 (50%
EFB +50% CG) recorded the highest temperature of 56 °C.
The mixtures with initial C/N ratios within 25-35 showed
the highest reduction in holocellulose, cellulose, hemicel-
lulose and lignin content while compost mixture with ini-
tial C/N ratio more than 50 had a minimal reduction. The
C/N ratio for treatment 50% EFB +25% CG +25% POMS
was reduced to less than 20 after 4 weeks of co-composting
process while the other treatments needed longer compost-
ing duration. During thermophilic phase, higher popula-
tion of bacteria (10’-10% CFU/g DW) was observed, fol-
lowed by fungi (10-10° CFU/g DW) and actinomycetes
(10°-10% CFU/g DW) populations. However, higher popu-
lation of actinobacteria (10°~10° CFU/g DW) compared to
bacterial (10*~10° CFU/g DW) and fungal (10°~10* CFU/g
DW) was found during latter stages. By reducing both the
time and space required for composting lignocellulosic food
industry waste, this accelerated co-composting method may
be a viable option for food industries searching for a long-
term, practical solution for solid biowaste disposal issues.
Further studies should be conducted on the thermal proper-
ties of the compost materials with different sizes especially
on the effect on microbial activity and degradation rate.
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