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ABSTRACT

Anaerobic digestion (AD) is a widely used technology applied globally for managing food waste (FW). However, biogas production has
an issue with low yield due to the inhibition of microbial activities, consequently resulting in AD instability. In this study, sludge is used as
an additive during AD of (FW) to investigate the enhancement of AD’s biogas production and stability. This work aims to critically analyse
the sludge’s ability to produce biogas with and without sludge in AD of (FW) at 26°C. AD batch tests were performed at the laboratory
scale operating three sets of digestors (500 ml glass bottle with 350 ml operating volume). The first set of digestors operated without
sludge for (7, 14, 21 and 28 days), whereas the second set of digestors had different amounts of sludge dosage (1 g,2 g, 3 g, and 4 g) for
14 days. The last set operated with a fixed sludge dosage of 4 g for (7, 14, 21 and 28 days). It was observed that biogas production increased
when sludge was added to the AD. Furthermore, the characterisation analysis of sludge identified the -OH, C-H, C-C and C-O functions by
Fourier-transform infrared (FTIR) spectroscopy and the elemental composition of Si, Al, and O observed by scanning electron microscope
equipped with energy-dispersive x-ray spectroscopy (SEM-EDX) which enhanced the biogas production and the stability of AD.
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INTRODUCTION

Climate change and global warming are significant threats to the
future of humankind [1]. To protect the environment for future
generations, society is now emphasising sustainable and green
approaches to overcome these issues. Therefore, recent attention
has shifted to environmentally friendly energy solutions [2].
Renewable energy sources that meet energy requirements have
the potential to provide energy with zero emissions of greenhouse
gases. Developing sustainable renewable energy systems will make
it feasible to solve the most significant issues [3].

As an alternative to fossil fuels, biogas from biomass produced
through anaerobic digestion (AD) offers renewable and sustainable
energy [4]. Additionally, biogas technology is an eco-friendly
method of managing organic waste and sludge, particularly in rural
areas of developing countries [5]. It is crucial in many developing
countries to provide the essential energy needed for electricity
and heat [6]. Significant environmental advantages include
reduced greenhouse gas emissions and recycling organic waste
from households and industries [7]. Commonly, the feedstock
for biogas includes livestock manure, cafeteria food waste, and
sludge [8]. Sludge refers to the residual material generated as
a byproduct of the wastewater treatment process, and sludge
production is anticipated to rise globally [9]. Sludge is disposed
of primarily through incineration, landfilling and agricultural
usage. However, it is essential to note that each technique poses a
significant environmental and human health risk [10].

Anaerobic digestion is generally considered an economical and
environmentally friendly technology for treating various organic
wastes, including sludge [11]. It is rich in organic matter, which
can boost the overall organic content of the feedstock, making
it more suitable for anaerobic digestion and potentially resulting
in increased biogas production [12]. AD is a biological procedure
carried out without oxygen that results in the stability and
breakdown of organic matter [13]. A typical conversion process
for organic waste to biogas consists of four steps [14]. The initial
step is hydrolysis, in which exoenzymes produced by hydrolytic
microorganisms break down the organic complex compounds and
produce simple sugars, fatty acids, and amino acids [15]. The second
step, acidogenesis produces alcohols, short-chain organic acids,
and organic-nitrogen compounds. The third step of the process is
acetogenesis, which involves using homo acetogenic bacteria to
generate acetic acid from the reduction of hydrogen and carbon
dioxide. The last step is the methanation process, which involves
the conversion of carbon dioxide to methane by hydrogenotrophic
methanogens [16]-[17].

Anaerobic co-digestion (AcoD) has seen extensive application in
enhancing biogas output from digesters [18]. AcoD involves the
simultaneous AD of multiple substrates, presenting a promising
approach to address the limitations of single-substrate digestion
and enhance the sustainability of AD through heightened biogas
production. AcoD offers notable advantages, including enhanced
process stability, mitigation of inhibitory substances, improved
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nutrient balance, and decreased emission of greenhouse gases
into the atmosphere [19].

Food waste is usually generated in kitchens, restaurants,
agricultural fields, food processing plants, industry markets,
etc. [6]. The average household in Malaysia consumes between
0.5 and 0.8 kg of food waste daily, making for around 63.1% of the
daily solid waste components. Food waste primarily comprises
proteins, lipids, carbohydrates, and fibers. It also has a high water
content (>80%) and is readily biodegradable [20]-[21]. Recently,
food waste has been explored as a potential feedstock for biogas
production by anaerobic digestion [22]. However, the high organic
matter content and high biodegradability result in the existence
of inhibitory chemicals such as volatile fatty acids (VFAs), which
would resultin low methane yield and instability of the AD system.
Consequently, this decreases biogas production and leads to AD
system failure [23].

A recent study has shown that adding sludge as an additive to
anaerobic digestion and optimising the operating parameters of
AD could improve anaerobic digestion performance and biogas
yield by alleviating the accumulation of VFAs and increasing the
activity of hydrogenotrophic methanogens [24]. The specific
impact of sludge on VFAs depends on the characteristics of
microorganisms of sludge that may compete with the indigenous
microbial community in the anaerobic digester. This competition
can affect the balance of microbial populations and potentially
limit VFA production [25]. Through an overview of the additive of
sludge effects on anaerobic digestion performance and biogas
yield, to provide a promising solution for achieving sustainable
development, environment, and bioenergy.

METHODOLOGY

Characterisation of Sludge as an Additive

The characteristics of raw sludge were performed by using
different measuring instruments. FTIR determine the different
functional groups and bonds on the sludge’s surface using infrared
spectroscopy. In addition, when other properties such as surface
area and porosity are increased, there is a chance of reduction in
sludge functional groups [26].

The surface morphology of the additive will be characterised using
scanning electron microscopy (SEM) and electron dispersive X-ray
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analysis (EDX). Scanning electron microscopy and energy dispersive
X-ray (EDX) analyses was conducted to study the morphological
structure and elemental distribution of sludge.

Fourier Transform Infrared Spectroscope (FTIR)

Fourier Transform Infrared Spectroscope (FTIR, Nicolet iS5, USA)
was used to investigate the functional group of raw sludge. The
spectra were collected between 4000 and 500 cm™'. Data was
collected at room temperature by using the Potassium Bromide (KBr)
pellet technique.

Scanning Electron Microscope (SEM)

The surface of raw sludge was analysed using a scanning electron
microscope ata 2 mm X magnification (SEM, HITACHITM3030Plus,
Japan). The elements in the raw sludge were determined using
energy-dispersive X-ray analysis (EDX) in a scanning electron
microscope (SEM).

Preparation of Food Waste

Raw food waste will be taken from restaurants near the campus
of Universiti Malaysia Pahang, Gambang. The main constituents
of the food waste will be rice, vegetables, and fruit residuals. The
food waste will be prepared by grinding and mixing the waste
into smaller-sized particles (2 mm) and then further filtered and
dewatered. Contaminants such as bones, plastic waste, and
disposable tableware will be discriminated against from food waste.
Thereafter, food waste will be collected in plastic zip lock bags
and stored in the refrigerator at 4°C until use to avoid biological
degradation.The sludge is collected from a local industrial effluent
treatment system (IETS) and used as an additive in the anaerobic
digestion of food waste.

Set Up of Anaerobic Digestion of Food Waste

AD of food waste batch tests was performed at the laboratory
scale operating three sets of digestors (500 ml glass bottle with
350 ml operating volume). The bottle was seeded with 250 ml| of
food waste and 100 ml of distilled water. The first set of digestors
operated without sludge and contained four digesters at 26°C;
initially, each digestor was fed with food waste, and the retention
time for digesters was (7, 14, 21 and 28 days). The other set of
reactors operated with sludge at 26°C, the four digesters operated
sequentially and each digestor operated with different sludge
dosages of (1, 2, 3 and 4 grams) to a constant food waste amount
for 14 days. The last set of digestors operated with a fixed amount of
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Figure 1 Set up of anaerobic digestion of food waste with and without sludge
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Table 1 Operating conditions of anaerobic digestion without sludge

Digestors Food waste (FW) Retention time (T) Operation condition
D1 250 ml 7 days Mesophilic
D2 250 ml 14 days Mesophilic
D3 250 ml 21 days Mesophilic
D4 250 ml 28 days Mesophilic

Table 2 Operating conditions of anaerobic digestion with
different sludge dosage

Digestors Food waste Retention time Sludge Operation
(FW) (T dosage (D) condition

D1 250 ml 14 days 19 Mesophilic
D2 250 ml 14 days 29 Mesophilic
D3 250 ml 14 days 39 Mesophilic
D4 250 ml 14 days 49 Mesophilic

Table 3 Operating conditions of anaerobic digestion with fixed sludge

Digestors Food waste Retention time Sludge Operation
(FW) () dosage (D) condition

D1 250 ml 7 days 49 Mesophilic
D2 250 ml 14 days 49 Mesophilic
D3 250 ml 21 days 49 Mesophilic
D4 250 ml 28 days 49 Mesophilic

sludge 4 g, and contained four digestors at 26°C, and the retention
time for digestors was (7, 14, 21, and 28 days).

Measurement of Percentage of Biogas using Water
Displacement Method

The performance of AD was observed by the total amount of biogas
produced in the anaerobic digestion (AD) of food waste without
sludge and food waste with sludge. The total biogas production
was measured using the water displacement method. The volume
of water displaced in the container equals the volume of the gas.
One end of the silicone tube was connected to the digester, and
the other end was connected to the inverted measuring cylinder,
which contains water [27]. The amount of gas calculated equals the
volume of water displaced. The biogas is allowed to collect in the
inverted measuring cylinder by displacing water.

The rate of wet and dry biogas production can be calculated as
follows:

Rate of wet _ Volume of wet biogas captured

M

Dry biogas production Time taken

Gases collected over water are saturated with water vapour.
Therefore, Pyysi = Phiogas + Puater The partial pressure of water in
the mixture, P, is the equilibrium vapour pressure of water at
the specified temperature. The combined Boyle’s and Charles’s
Laws were used to calculate the volume of dry biogas using the
equation below:

PVi _ PV,
LN

()

Lastly, the yield of biogas production was calculated using the
following equation:

Volume of wet biogas (ml)

Yield of biogas = (3)

Mass of raw materials (g)

RESULTS AND DISCUSSION

Surface Morphology Analysis by Scanning Electron
Microscopy (SEM-EDX)

SEM analysis was used to evaluate the change in the surface
morphology of sludge. The SEM images of raw sludge are shown
in Figure 2. Figure 2a and Figure 2b show the raw sludge at two
magnification scales, 100 and 1000. The morphology of raw
sludge shows a higher porosity and rough surface, which make it
a favourable environment for microbial activity. Microorganisms
involved in anaerobic digestion can colonise the surface and
penetrate deep into the porous structure of the raw sludge,
where they can metabolise organic matter and produce methane
and other fermentation byproducts [26]. The corresponding
EDX analysis results are shown in Table 1.9, where the results
are presented in mass percentage of the samples. EDX of sludge
indicates that C (7.21%), O (49.18%), Si (22.91%), Al (8.84%) and
Fe (11.86%). These elements aid in the breakdown of organic
matter and facilitate the conversion of food waste into biogas.

(b)

Figure 2 (a) SEM image of sludge at 100 magnification scale, (b) sludge
at 1000 magnification scale
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Table 4 EDX analysis of sludge

Sample Elements Mass (%) Atomic (%)
Sludge C 7.21 11.94
(6} 49.18 61.11
Al 8.84 6.51
Si 2291 16.22
Fe 11.86 4.22

Additionally, they may help improve the nutrient balance of the
substrate, promoting microbial activity and enhancing the overall
efficiency of the anaerobic digestion process [28].

Functional Group Identification by Fourier Transform
Infrared (FTIR)

FTIR analysis was used to investigate the function group on the surface
of sludge. The KBR spectra of the sludge are presented in Figure 3.
The two main peaks are at 3422 and 1636 cm™'. The first peak is due
to the -OH bond, while the second is characteristic of the C-C bond.
Typical moieties in the sludge were also identified, such as the S=0
stretching vibration that was detected at 1031 cm™. The detection
of functional groups such as hydroxyl, carbon-carbon, and sulfone
within raw sludge utilised as an additive in the anaerobic digestion
of food waste signifies the intricate nature of the organic material.
These functional groups denote diverse organic compounds that
microbial metabolism can utilise during anaerobic digestion.
The degradation of these compounds contributes to biogas
production. This study concluded that the sludge was suitable for
anaerobic treatment, as it contained ingredients for the growth of
microorganisms [29].

Figure 3 Fourier transform infrared analysis of sludge

Effect of the Amount of Sludge Dosage

The parametric effect of the amount of sludge dosage on AD was
analysed in four different amounts of sludge dosage, which are
19,29,39,and 4g.This operation was done under a fixed retention
time of 14 days. In each anaerobic digester, 250 ml of food waste
mixture was placed in a bottle (digester), then each digester was
put at the same place that gets the most sunlight, and all digesters
will be observed for 14 days. Figure 4 shows the results of the biogas
yield at four different amounts of sludge dosage.

As depicted in Figure 4, the biogas yield increased from 5.71 ml/g to
5.8 ml/g when the dosage of sludge escalated from 1 gto 2 g.The
yield of biogas keeps increasing from 6.31 ml/g to 7.88 ml/g as the
dosage of sludge increases from 3 g to 4 g. However, biogas yield
sharply increases when the sludge dosage increases to 4 g. This was
mainly because higher sludge addition could effectively alleviate
VFA accumulation, resulting in higher levels of methanogenic
activity [30]. Thus, the results show that biogas yield increased as
the sludge dosage increased.

Yield of biogas (ml/g)

1 2 3 4
Shudge Dosage (g)

Figure 4 Yield of biogas by using different amounts of
sludge dosage in AD

Effect of the Retention Time with Food Waste

Another significant factor affecting the biogas yield and the
operating conditions of the AD was the retention time used in
the anaerobic digesters to maximise the operating conditions of
the AD. To assess this parameter, the biogas yield was observed in
four different retention times without sludge, ranging from (7, 14,
21 and 28 days). This operation was done under a fixed feedstock
dosage of 250 ml. Figure 5 shows the effect of retention time on
biogas yield.

As depicted in Figure 5, biogas yield increased from 2.37 ml/g to
3.6 ml/g when the retention time increased from 7 to 14 days.
Then, the yield of biogas again increased from 41 ml/g to 4.5 ml/g
when the retention time increased from 21 to 28 days. The findings
demonstrate that the highest biogas achieved was at the highest
retention time with fixed feedstock of AD.

Yield of biogas (ml/g)

7 14 21 28
Retention Time (Days)

Figure 5 Yield of biogas by using different retention times of AD
Effect of the Retention Time with Sludge

Another important consideration influencing biogas production
was the retention time employed within the digesters to optimise

International Journal of BIOMASS & RENEWABLES



Z.D. Muhammad et al. / International Journal of Biomass & Renewables, 13(1): 16-22, 2024

the operational parameters of the AD. Evaluating this factor, biogas
production was monitored across four different retention times
(7, 14, 21 and 28 days) without sludge. This operation was done
under a fixed feedstock dosage of 250 ml and fixed sludge dosage
of 4 g. Figure 6 shows the effect of the retention time on the yield
of biogas.

9 -
s 4
&7
&5
:
o3
=ER
P
1
o . : . : . :
7 14 21 28
Retention time (Days)
Figure 6 Yield of biogas by using different retention times of
AD with sludge
CONCLUSION

The main objective of this study is to generate biogas through
anaerobic digestion (AD) of food waste supplemented with sludge
as an additive. This study is carried out to identify the potential of
sludge as a future additive for biogas production and to enhance AD
efficiency. To achieve the primary goal of this study, the objectives
were established, which include the study of characterisation
analysis of sludge as an additive in AD of food waste and analysis
of the effect of sludge as an additive on the performance of
AD by studying the optimum operating conditions of AD such
as the effect of sludge dosage and effect of the retention time.
The rough surface observed through SEM analysis suggests the
presence of diverse microstructures within the sludge, which is a
favourable environment for microbial activity. At the same time,
the elemental composition identified by EDX, including Si, Al, Fe, C,
and O, highlights its potential as a valuable additive for anaerobic
digestion. Additionally, the FTIR results reveal functional groups
such as -OH, C-C, and S=0. These functional groups represent
various organic compounds that microbes can utilise in anaerobic
digestion. These findings collectively indicate that incorporating
sludge as an additive in the anaerobic digestion of food waste
holds promise for enhancing biogas production. The total biogas
is highly improved by adding sludge compared to without sludge.
Anaerobic digestion of food waste with additives showed higher
production of biogas in 14 days as compared to without additives.
Theyield of biogas obtained from sludge and without sludge AD is
7.8 ml/g and 4.5 ml/g, respectively. Therefore, the sludge helps in
the degradation of organic contentin FW prior to AD and enhances
the biogas production
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