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1. Introduction

Green technologies have been globally accepted as efficient and sustainable techniques for the
utilization of natural resources. Currently, Industry 4.0, which is also called a “smart industry”, aims for
the integration of cyber and physical systems to minimize waste and maximize productivity. Therefore,
green technologies can be identified as key components in Industry 4.0. The scope of this Special Issue is
to address how conventional green technologies can be a part of smart industries by minimizing waste,
maximizing productivity, optimizing the supply chain, or by additive manufacturing (3D printing).
This theme focuses on the scope and challenges of integrating current environmental technologies in
future industries.

This Special Issue “Green Technologies: Bridging Conventional Practices and Industry 4.0” invites
manuscripts from academicians working on green technology-related processes. Authors are invited
to submit original research articles covering topics which include, but are not limited to, the following
areas: (1) the development of new disease-specific models to guide therapy; (2) air pollution monitoring
and control; (3) carbon emission reduction; (4) computational tools for environmental applications;
(5) energy and environmental policy; (6) environmental monitoring, assessment and management;
(7) Industry 4.0; (8) process system engineering; (9) renewable energy; (10) solid/biomass waste
treatment, management, and recycling; and (11) waste minimization, etc. The manuscripts were
regularly submitted, selected and reviewed by the regular system and accepted for publication.
This Special Issue, “Green Technologies: Bridging Conventional Practices and Industry 4.0”, aims to
incorporate and introduce the advances in green technologies to the cyber-based industries.

In this Special Issue on “Green Technologies: Bridging Conventional Practices and Industry 4.0”,
we have accepted and published 17 high-quality and original articles [1–17]. These research papers
cover theoretical, numerical, or experimental approaches on green technology that bridge conventional
practices and Industry 4.0. The Special Issue operates a rigorous peer-review process with a single-blind
assessment and at least two independent reviewers, hence resulting in our final acceptance of these
published high-quality papers.

2. Papers Presented in the Special Issue

Borhan et al. [1] researched about the characterization and modelling studies of activated carbon
produced from rubber-seed shells using KOH for the CO2 adsorption. The study experimentally
demonstrated that the Freundlich isotherm and pseudo-second kinetic model provided the best fit
to the experimental data, suggesting that the rubber-seed shell activated carbon they prepared is
an attractive source for CO2 adsorption applications. Yunus et al. [2] reported that ionic liquids,
which are classified as new solvents, have been identified to be potential solvents in the application of
CO2 capture. In this work, six ammonium-based protic ionic liquids, containing ethanolammonium
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(EtOHA), tributylammonium (TBA), bis(2-ethylhexyl) ammonium (BEHA) cations, and acetate (AC)
and butyrate (BA) anions, were synthesized and characterized.

Pan et al. [3] successfully synthesized an amorphous mesoporous silicon oxycarbide material
(SiOC) via a low-cost facile method by using potassium hydroxide activation, high-temperature
carbonization, and acid treatment. The precursors were obtained from floating plants (floating
moss, water cabbage, and water caltrops). Ali et al. [4] optimized municipal solid waste (MSW)
conversion technologies using a process network synthesis tool, the “process graph” (P-graph).
The four highest compositions (i.e., food waste, agriculture waste, paper, and plastics) of the MSW
generated in Malaysia were optimized using a P-graph. Two types of conversion technologies were
considered, namely biological conversion (anaerobic digestion) and thermal conversion (pyrolysis
and incinerator). All these conversion technologies were compared with the standard method used:
landfilling. One-hundred feasible structures were generated using a P-graph.

There are few excellent examples of research done in enhancing the sustainability of biofuels.
Damanik et al. [5] demonstrated the performance and exhaust emissions of a diesel engine fuelled with
calophyllum inophyllum—palm biodiesel. Meanwhile, Wan Nurain et al. [6] discussed the sugarcane
bagasse-based adsorbent employed for mitigating eutrophication threats and producing biodiesel
simultaneously. Further, Bello et al. [7] reported the thermal analysis of Nigerian oil palm biomass
with sachet-water plastic wastes for the sustainable production of biofuel. Besides, Xuefei et al. [8]
discussed the fabrication of green superhydrophobic and superoleophilic wood flour for an efficient oil
separation from water. Wong et al. [9] conducted an in situ fermentation process for improving protein
and lipid contents in the larval biomass of the black soldier fly, which can be subsequently converted
into nutrients and biofuels. All these collections are important in contributing to the sustainability of
biofuel production in Industry 4.0.

Few of the papers published in this Special Issue also investigated the concept of automation
and investigations were done on the underlying principles and technologies for implementation
in an automated industry. Tran Van et al. [10] studied the hygro-thermo-mechanical responses of
balsa wood core to observe the permeability and fire resistance of the composites. Experimental,
analytical and numerical methods were applied to understand the moisture impervious barrier
significance of the structure. De-la-torre et al. [11] performed a study on a multivariate analysis and
machine learning algorithm for the ripeness classification of Cape gooseberry fruits. The work applied
sophisticated algorithms to analyze the feature selection and extraction, and combined them to find
the best combination for a particular application. The optimization work may be developed to use
for measuring the level of ripeness of the Cape gooseberry or any different type of fruit. Moreover,
the work by Mohd Aris et al. [12] shows a Gaussian process (GP) methodology for a multi-frequency
marine controlled-source electromagnetic profile estimation in an isotropic medium. The Gaussian
process proposed can reduce the high computational cost and complexity of the mathematical equations
involved, where a 2D forward GP model was developed and the model was validated. Good agreement
between the output and estimation was achieved. These works are important as a stepping stone for
the creation of an automated industry.

Apart from that, this Special Issue also attracted three quality review papers. The first review article
is written by Khoo et al. [13], and this review paper covers the latest developments in bioseparation
technology using a liquid biphasic system (LBS). The review article begins with an in-depth discussion
on the fundamental principle of LBS and this is followed by the discussion on the further developments
of the various phase-forming components in LBS. Additionally, the implementation of various advance
technologies to the LBS that is beneficial towards the efficiency of LBS for the extraction, separation,
and purification of biomolecules was discussed. The key parameters affecting the LBS were presented
and evaluated. Moreover, future prospects and challenges were highlighted to be a useful guide for
the future development of LBS. The efforts presented in this review will provide an insight for future
research in liquid–liquid separation techniques. In the Special Issue, there are works by Tham et
al. [14,15], where the article critically discussed the recovery of protein from dairy milk waste products
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using an alcohol–salt liquid biphasic flotation, which is one of the latest technologies in LBS that can be
potentially applied in Industry 4.0.

On the other hand, the second review paper was written by Chow et al. [16] and is about the
potential co-substrates and operating factors for an improved methane yield from the perspective of
anaerobic co-digestion of wastewater sludge. This review summarizes the results from numerous
laboratory, pilot, and full-scale anaerobic co-digestion (ACD) studies of wastewater sludge with the
co-substrates of organic fractions of municipal solid waste, food waste, crude glycerol, agricultural
waste, and fat, oil and grease. The critical factors that influence the ACD operation are also discussed.
The ultimate aim of this review is to identify the best potential co-substrate for wastewater sludge
anaerobic co-digestion and to provide a recommendation for future reference. By adding co-substrates,
a gain ranging from 13% to 176% in the methane yield was accomplished compared with mono-digestion.

In the third review paper contributed by Yong et al. [17], a comprehensive review of the appraisal
of the environmental, financial, and public issues related to the energy recovery from municipal solid
waste in the view of sustainable waste-to-energy (WTE) development in Malaysia is offered. This review
article mainly discusses the various WTE technologies in Malaysia by considering the energy potentials
from all the existing incineration plants and landfill sites as an effective MSW management in Malaysia.
Furthermore, to promote local innovation and technology development and to ensure the successful
long-term sustainable economic viability, social inclusiveness, and environmental sustainability in
Malaysia, the four faculties of sustainable development, namely technical, economic, environmental,
and social issues affiliated with MSW-to-energy technologies, were compared and evaluated.

3. Conclusions

It is hope that the novel green technologies presented in this issue are useful in assisting the
global community in working towards fulfilling the Sustainable Development Goals of United Nation.
The guest editors thank the authors for their contribution to the new knowledge and the reviewers for
their valuable time and efforts in the review process. Besides, we would like to thank the editorial
office and Dr Unai Vicario for their help and support in completing this Special Issue, especially during
the pandemic of COVID-19.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This study focuses on the electromagnetic interference shielding effectiveness (EMI SE),
dissipation of electrostatic discharge (ESD), and surface resistivity of polymer blends between
polycarbonate (PC) and acrylonitrile–butadiene–styrene (ABS) filled with carbon black powder (CBp)
and carbon black masterbatch (CBm). The mixtures of PC/ABS/CB composites were prepared by the
injection molding for the 4-mm thickness of the specimen. The D-optimal mixture design was applied
in this experiment. The EMI SE was measured at the frequency of 800 and 900 MHz with a network
analyzer, MIL-STD-285. The result showed that the EMI SE was increased when the amount of filler
increased. The surface resistivity of the composites was determined according to the ASTM D257. It
was found that the surface resistivity of the plastic with no additives was 1012 Ω/ square. When the
amount of fillers was added, the surface resistivity of plastic composites decreased to the range of
106–1011 Ω/square, which was suitable for the application without the electrostatic discharge. The
optimization of multi-response showed using high amounts of PC and CB was the best mixture of
this research.

Keywords: PC/ABS; carbon black; electromagnetic shielding effectiveness; dissipation of electrostatic
discharge; surface resistivity

1. Introduction

Nowadays, plastics, especially thermoplastics, are formed and used for many applications
such as parts of automotive, electronic devices, and packaging. Some electronic devices generate
and/or transmit electromagnetic waves that affect other devices, e.g., noise, an error operation, or
the malfunction of electronic components [1]. An example is the capacitor in amplifiers that can
generate electromagnetic waves that affect the quality of sound because of electromagnetic interference.
Moreover, the electrostatic discharge transmitted from humans or tools may destroy some electronic
parts. In order to prevent those problems, there were many researchers that have studied and developed
electromagnetic interference shielding and dissipative material.

Generally, the material which has high performance for electromagnetic interference shielding
effectiveness (EMI SE) is metal, due to high conductive properties. However, it has limitations such as
weight, cost, processability, and corrosion [2]; then, plastic becomes the material of choice. There are
many researchers who have developed and improved the EMI SE and dissipative plastic composites
instead of metal, although normally, the plastic is electrically insulated and does not contribute to
electromagnetic interference shielding. Plastic that is the matrix of the composite can connect the
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conductive filler. Plastic composites having conductive filler is one method to make an EMI shielding
material. The filler can be aluminum flakes, steel fiber, or carbon fiber [3]. There are high demands
of electrically conductive polymer, but it is not the same as plastic composites because of the poor
processability. The conductive polymer does not require conductive filler in order to provide the
shielding, so plastic composites with conductive filler are concerned and studied [3], with the increasing
demand of customers for the reliability of electronic equipment [4–11]. Nanofillers that have been
investigated by a number of researchers for EMI shielding were reviewed by Wanasinghe D. et al. [12].
It showed that nanocarbon black mixed with plastic made good shielding effectiveness, and the
composite could have potential application in industry. However, the cost of the entire composite
was high due to the nanoparticle production and additional material preparation process. Yangyong
Wang and Xinli Jing studied EMI shielding by using polypyrrole (PPy) and polyaniline (PANI) [13],
and the results showed the high performance of the shielding. Silver-palladium (AdPd) was coated to
polyethylene terephthalate (PET) to be EMI shielding, and it was found that the shielding effectiveness
depended on the conductive properties [14]. Quinton J. studied EMI and radio wave shielding with
three additives, i.e., carbon, graphite, and carbon fiber, mixed with 2 types of polymer matrix, PA6.6
and polycarbonate (PC) [15]. The results showed that carbon black was more effective than other
additives. Moreover, when using multiple additives, the shielding effectiveness was higher than using
only one additive and related to the study of Pramanik et al. [16].

In addition, electrostatic discharge (ESD) is another problem when the insulation polymer has
conductive property; it can cause the electrical equipment to be damaged. The resistance of the polymer
is between conduction and insulation material, which is called static dissipative material. It has the
surface resistivity between 104 and 1011 ohm/square, and it is used to make a product and prevent the
electrostatic discharge [17].

PC is a high impact- and heat resistance, fair chemical resistance, and is transparent. ABS is a
low-cost as well as flexible material. Both of them are widely used in many applications. Moreover, PC
and ABS have been blended to get the advantages of both material properties for applications such
as automotive, electronics and telecommunication, and medical devices. This research investigates
PC/ABS mixed with carbon black powder (CBp) and carbon black masterbatch (CBm) as electromagnetic
interference shielding, the dissipation of electrostatic discharge (ESD) material, and surface resistivity.
Carbon black powder is used as a filler for EMI, and it has been studied by many researchers for
many applications, such as mixing with rubber to increase friction resistance and strain. Carbon black
masterbatch is ready-mixed carbon black plastic. It can be added to compatible plastic during the
forming of the product. It is easy to use compared with carbon black powder. The powder has to be
compounded with a plastic matrix before forming, but the masterbatch can be added directly to the
production process. However, the mixing ratio of the carbon black when using the masterbatch is more
difficult to adjust than when using the powder grade. While a number of researchers have studied
the effect of filler to EMI, this research studies the mixing ratio of each material, which is discussed
and determined by the mixture design and statistical method to analyze and optimize the mixture of
those materials.

2. Materials and Methods

Basically, plastic will have electromagnetic interference shielding effectiveness (EMI SE) property
when it can act as the wave impedance and effect to the discontinuous electromagnetic field. When the
electromagnetic waves attack the material, there are three mechanisms that polymeric material should
have as shielding, such as reflection and absorption, so that little of the electromagnetic waves pass
through that material [1] (as shown in Figure 1). This is defined as shielding effectiveness and can be
determined by the following equation.

SE = 20 log
E1

E2
= 20 log

H1

H2
(1)
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Figure 1. The mechanism of electromagnetic interference shielding effectiveness (EMI SE).

In Equation (1), SE is the shielding effectiveness, dB; E1, E2 are the amplitudes of the incident
wave and transmitted wave (V/m), respectively; H1, H2 are incident and transmitted magnetic field
strengths (H/m), respectively.

The development of composited plastic by conductive filler is one of the methods to get the
electromagnetic interference shielding property. The mixtures of PC, ABS, and carbon black were
prepared with the design of the experiment called a mixture design with the D-optimal method. This
method is recommended when there are constraints in the proportions of the mixture components [18].
This research was limited to the mixture ratio by the viscosity of the mixture. When mixing with a
high amount of carbon black, the viscosity of the composite material is increased. This would cause
damage to the injection molding machine when the viscosity of the material is too high. Then, the
mixture ratio of carbon black was limited by the mixture melt flow rate of 5 g/10 min, which was
performed following the ASTM D1238. Then, the mixing of each composition by the mixture design
with D-optimal was designed and is shown in Figure 2 and Table 1. The PC and ABS used in this
research were commercial-grade 110 and PA 707, which were manufactured by CHIMEI. Two types of
carbon black were used as the additive, i.e., 22-nm powder grade N220 manufactured by Thai Tokai
Carbon Product and 26-nm commercial masterbatch PLASBLAK® UN2014 from COBOT.

Figure 2. Mixture design.
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Table 1. Percentage of the composition of polycarbonate (PC)/ acrylonitrile–butadiene–styrene (ABS)
and carbon black (CB).

run PC ABS CB (CBm, CBp)

1 0.00 0.83 0.17

2 0.50 0.50 0.00

3 0.00 0.83 0.17

4 0.23 0.65 0.13

5 0.23 0.73 0.04

6 0.83 0.00 0.17

7 0.42 0.42 0.17

8 0.83 0.00 0.17

9 0.69 0.23 0.08

10 1.00 0.00 0.00

11 0.00 0.92 0.08

12 0.00 1.00 0.00

13 1.00 0.00 0.00

14 0.92 0.00 0.08

15 0.00 1.00 0.00

16 0.50 0.50 0.00

All 16 combinations were mixed, and the plaque specimens performed with the dimension of
180 × 100 mm and 4 mm thickness by an injection molding machine, Toshiba 80 Tons. The specimen
was used to study electromagnetic interference shielding effectiveness by using the network analyzer
MIL-STD-285, with the electromagnetic frequency of 800 and 900 MHz; the experimental setup is
shown in Figure 3. The shielding effectiveness was determined by the following equation:

Shielding effectiveness (SE) = P1−P2 (2)

where P is the power level at Points 1 and 2, respectively.

 

Shielding Material 

Transmit 
Signal 

Transmitting 
Outside Chamber 

Receiving Antenna 
Inside Chamber 

Attenuated 
Signal 

Shielding room

Figure 3. Source and receiver of the network analyzer.
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The dielectric constant was performed with the specimen dimension of 70 × 100 mm and 4 mm
thickness by using the Agilent 4263B with 100 kHz and 1000 mV. The parallel capacitance, Cp, was
measured, and the dielectric constant was determined by the following equation:

εr =
tCp

Aε0
ε = εrε0 (3)

where
ε is the dielectric constant (F)
ε0 is 8.854 × 10−12 (F/m)
εr is the relative dielectric constant
Cp is the capacitance (F)
A is the cross-section area (m)
t is the thickness (m)
The surface resistivity was performed following the ASTM D257, as shown in Figure 4. The

specimens were prepared as the plaque of 100 × 100 × 4 mm. The surface resistance was measured,
and the surface resistivity was determined by

σ =
RP
g

(4)

where
σ is the surface resistivity (Ω/square)
R is the surface resistance (Ω)
P is the distance between electrodes (cm)
g is the electrode circumference (cm)

Main electrode 

Backside electrode (guard) 

Ring electrode 
(Negative voltage application) 

Figure 4. Surface resistivity measurement following the ASTM D257.

3. Results and Discussion

According to the mixture design of the experiment, the electromagnetic interference shielding
effectiveness of the mixture between PC/ABS and carbon black masterbatch and carbon black power for
each testing frequency are shown in Figures 5 and 6, respectively. The results showed that when using a
higher carbon black mixing ratio, the SE was increased by both testing frequencies because the additive
is the conductive material, allowing the plastic composite to reflect and absorb the electromagnetic
wave. The SE of the composite also showed a maximum value of about 9 dB at 800 MHz, and about
5 dB at 900 MHz had been obtained for the mixing containing 17 wt % carbon black. Moreover, the
results showed that both plastic composites that used different carbon blacks had a slightly different
effect on the SE because the size of the carbon black used was a small difference in size.
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Figure 5. Shielding effectiveness (SE) at 800 MHz with the carbon black.
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Figure 6. SE at 900 MHz with the carbon black.

The morphology studied of PC/ABS/CBp (0.42/0.42/0.16) and PC/ABS/CBm (0.69/0.23/0.08)
conducted through SEM images is given in Figures 7 and 8, respectively, showing the proper
distribution of carbon black within the plastic composite.

 

CB 

Figure 7. SEM image of the 16 wt % carbon black powder (CBp) in the PC/ABS.
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CB 

Figure 8. SEM image of the 8 wt % carbon black masterbatch (CBm) in the PC/ABS.

The dielectric constant is the ability of a substance to store electric charge or electrostatic field
energy [19]. When the dielectric is high, the material has low electrical insulation. The dielectric
constant of mixing PC and ABS without carbon black in this research was between 3.04–3.34. After
mixing PC and ABS with carbon black, the plastic composites were measured the dielectric constant by
using the Agilent 4263B with 100 kHz and 1000 mV. The results showed the dielectric constant was
increased when the amount of carbon black in the mixture increased, as shown in Figure 9.

Figure 9. The relationship between dielectric constant and percentage of carbon black.

The maximum of the dielectric was about 25 when the plastic composite contained 17 wt % of
carbon black, which was the upper limit of mixing carbon black for this research due to the high
viscosity of the composite polymer. In contrast, the surface resistivity of the composite was the
resistance to leakage current along the surface of an insulating material, which was decreased when
the amount of carbon black filler increased. The surface resistivities were measured in both horizontal
and vertical directions. The average surface resistivities of the composite are shown in Figure 10.
The results show that when the composite contained 17 wt % of carbon black, the composite had the
surface resistivity between 107–108 Ω/square, while the suitable surface resistivity for reducing the
ESD of the plastic composite is between 104–1011 Ω/square [17]. This is confirmation that carbon black,
the conductive filler, is effective on the surface resistivity of the composite. The composite becomes a
dissipative material when at least 5 wt % of carbon black is mixed.
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Figure 10. The relationship between surface resistivity and percentage of carbon black.

The EMI SE recorded data from the above experiments were used and analyzed by a statistical
method. This method is a response surface methodology to determine the suitable regression model
for the prediction of the EMI SE of the mixture. The statistical results, such as standard deviation,
R-square, adjusted R-square, and PRESS, were analyzed for linear, quadratic, special cubic, and cubic
models. When compared to those results, the adjusted R-square and R-square of the cubic model
was higher than other models. Moreover, the standard deviation and PRESS of the cubic model were
the lowest values when compared with other models. Then, the cubic model was selected for the
prediction of the EMI SE of the mixture. The suitable regression model hypothesis was tested with
ANOVA as well. The p-value and p-value of the lack of fit were statistically significant with α = 0.05.
The model of those experiments is shown as the following:

At 800 MHz
Masterbatch:

SE = −0.061A + 0.10B + 502.72C + 0.14AB − 819.99AC − 816.79BC + 811.86ABC +
2.16AB(A − B) + 426.13AC(A − C) + 410.22BC(B − C)

(5)

Powder:

SE = 0.088A + 0.081B + 4451.18C − 0.20AB − 7296.87AC − 7286.17BC + 6009.48ABC
+ 2.72AB(A − B) + 3019.66AC(A − C) + 2999.24BC(B − C)

(6)

At 900 MHz
Masterbatch:

SE = 0.083A + 0.29B + 1483.98C − 0.27AB − 2402.47AC − 2414.15BC + 1961.35ABC
− 4.65AB(A − B) + 988.02AC(A − C) + 996.78BC(B − C)

(7)

Powder:

SE = 0.035A + 0.17B + 1349.77C + 0.75AB − 2188.58AC − 2148.86BC + 1769.32ABC +
2.12AB(A − B) + 918.63AC(A − C) + 855.09BC(B − C)

(8)

In Equations (5)–(8), A is PC, B is ABS, and C is carbon black, respectively. Those equations
showed the independence and interaction of the factors. When considering the independent term,
they show that carbon black (C) is more effective to the SE than other factors. That was the reason why
an increase in carbon black increased SE.

There were three data sets of the test: EMI SE, dielectric constant and surface resistivity.
The dielectric constant and surface resistivity were related together and depended on each other.
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The optimization of the multi responses, EMI shielding effectiveness, and surface resistivity of each
testing frequency was determined by using Design Expert software, while the level of PC/ABS/CB was
the factor. The minimized parameters of the composite were determined by using the overlaid contour
plot method and are shown in Figures 11–14. The results of SE and surface resistivity of the optimized
PC/ABS/CB are also shown in Tables 2 and 3.

Figure 11. Overlay mapping @ 800 MHz with carbon black masterbatch.

Figure 12. Overlay mapping @ 900 MHz with carbon black masterbatch.
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Figure 13. Overlay mapping @ 800 MHz with carbon black particles.

Figure 14. Overlay mapping @ 900 MHz with carbon black particles.

Table 2. Optimized mixing ratio among PC, ABS, and CBm.

Frequency PC ABS CBm SE Log10(Surface Resistivity)

@ 800 0.83 0 0.17 9.31 7.09
@ 900 0.78 0.05 0.17 4.86 7.08

Table 3. Optimized mixing ratio among PC, ABS, and CBp.

Frequency PC ABS CBp SE Log10(Surface Resistivity)

@ 800 0.83 0 0.17 8.06 7.46
@ 900 0.7 0.13 0.17 6.15 7.42
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The results showed that using a high amount of PC and CB optimized the mixture, which gave the
high EMI shielding effectiveness for each testing frequency but gave the low surface resistivity that was
about 107 Ω/square. It was also between the suitable range for reducing the ESD, 104–1011 Ω/square [17].
At 800 MHz, the best composition of PC/ABS/CB was 0.83/0/0.17 when using carbon black masterbatch
or powder. At 900 MHz, the best composition of PC/ABS/CBm was 0.78/0.05/0.17, but when using the
powder carbon black, the best composition was 0.7/0.13/0.17. While all the optimized compositions
used a high percentage of PC, the EMI SE was high because the PC had a high polarity than ABS. The
PC has polar side groups and regularity in the chain, while ABS has the polarity from the nitrile group.
The polarity of the material may influence the shielding effectiveness of the composite as well.

4. Conclusions

The mixture of PC/ABS/CB that was studied in this research showed that CB influenced the EMI
SE. The increasing CB in the mixture affected the increasing electromagnetic interference shielding
effectiveness and dielectric constant, but the surface resistivity was decreased. The design of experiments
with the response surface method gave the suitable cubic regression model, which could predict those
properties. The optimization of the mixture showed that a high amount of PC and CB gave better EMI
SE. However, the 17 wt % of CB was the maximum level of this research due to the limitation of high
viscosity. The electromagnetic field was reflected or absorbed by the composite due to the shielding
property. The high polarity polymer was more significant than the low one. The size of carbon black
from masterbatch and powder was not significant in this research. Both filler materials can be used to
make the shielding polymer. However, the carbon black masterbatch is commercial-grade and easier
to use than the powder. The powder grade is suitable when adjusting the mixture is often required.
When PC/ABS is required for shielding properties such as car audio components, it is recommended to
add a high amount of CB, and the ratio of PC should higher than ABS to get high EMI SE. However,
this research suggests that the mechanical properties of the composite should be considered as an
additional response because PC and ABS are blended to get the advantage of both material properties.
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Abstract: Recently, worldwide researchers have been focusing on exploiting of black soldier fly
larval (BSFL) biomass to serve as the feed mediums for farmed animals, including aquaculture
farming, in order to assuage the rising demands for protein sources. In this study, yeast was
introduced into coconut endosperm waste (CEW) whilst serving as the feeding medium to rear
BSFL in simultaneously performed in situ fermentation. It was found that at a 2.5 wt% yeast
concentration, the total biomass gained, growth rate and rearing time were improved to 1.145 g,
0.085 g/day and 13.5 days, respectively. In terms of solid waste reduction, the inoculation of yeast
over 0.5 wt% in CEW was able to achieve more than 50% overall degradation, with the waste
reduction indexes (WRIs) ranging from 0.038 to 0.040 g/day. Disregarding the concentration of
yeast introduced, the protein productivity from 20 BSFL was enhanced from only 0.018 g/day (the
control) to 0.025 g/day with the presence of yeast at arbitrary concentrations. On the other hand,
the larval protein yield was fortified from the control (28%) to a highest value of 35% with the
presence of a mere 0.02 wt% yeast concentration. To summarize, the inclusion of a minimal amount
of yeast into CEW for in situ fermentation ultimately enhanced the growth of BSFL, as well as its
protein yield and productivity.

Keywords: black soldier fly; yeast; fermentation; protein; larvae; organic waste; coconut endosperm waste
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1. Introduction

The black soldier fly (BSF) thrived in North America before it migrated to tropical other countries
during WWII. It mimics the appearance of a wasp, confusing the public with its appearance. BSF larvae
(BSFL) are intrinsically polyphagous as well as saprophagous, since the larvae only consume organic
matter during this stage and can ingest different kinds of decaying organic matters such as animal
manure, animal carcasses or sometimes even decaying wood matters. Unlike houseflies, the BSF does
not carry any transmitted diseases, as the adult fly does not feed and only relies on body fat or the
energy accumulated during the larval stage for metabolism. Upon maturing sexually, the female BSF
will oviposit eggs at the cracks near to food sources to ensure the newly ecloded BSF larvae (neonates)
have enough food to complete their life cycle [1]. Generally, after the copulation process, the female
black soldier fly will oviposit the eggs after two to three days. The whole life cycle of a black soldier fly
from egg to adult will take up to around 40 to 44 days [2].

Owing to its high protein content, the direct introduction of BSFL biomass into animal feed has
been explored as an alternative fishmeal, which is growing in cost. From previous research studies,
the inclusion of BSFL biomass at 17%, 33%, 49%, 64% and 75% into aquaculture feed was found to
decrease feed consumption due to its low digestibility. In this case, the highest protein retention in fed
fish was obtained when 33% of BSFL biomass was used, thereafter decreasing as BSFL biomass was
incorporated. From the study, the inclusion of BSFL biomass into aquaculture feed was feasible at low
percentages, and it has been suggested that the presence of chitin in BSFL biomass contributes certain
benefits to the growth performance of the turbot from the feed intake, including the availability and
digestibility of nutrients [3]. The BSFL protein was also introduced to rainbow trout as a replacement
meal with the partial inclusion at 25% and 50%, and the outcome showed that the BSFL biomass
degraded the lipid health indexes of the rainbow trout while negatively impacting the contents of
polyunsaturated fatty acids with increases of BSFL biomass. In order to prevent the negative impacts
of BSFL inclusion on trout, it was suggested that a 40% inclusion level of BSFL biomass could be used
without impacting the survival, growth performance, condition factor and so on [4]. Apart from the
aquaculture field, BSFL biomass can also be introduced as animal feed for broilers in either a partial or
highly defatted form. From the past study, an inclusion of partially defatted BSFL biomass into broilers’
feed showed higher digestibility by the chicken. [5]. According to Schiavone et al. [6], an inclusion
of defatted BSFL in broiler chicken diets at 10% showed improvements in carcass and meat quality
parameters as well as the heavy metal contents, and there were no negative consequences. Moreover,
when the BSFL biomass was incorporated into quail feed to replace fishmeal, the outcome showed
a similar result as with the fishmeal. When 25% to 50% BSFL biomass at 25% and 50% was included,
no impact on the palatability of ration or quail appetites was detected. In short, the 50% replacement
of fishmeal with BSFL biomass was generally recommended, as no negative impact was demonstrated
on the growth performance of most of the farmed animals [7].

The study by Loponte et al. [8] showed that the corn-soybean meal diet used for Barbary partridge
rearing could be replaced with Tenebrio molitor and Hermetia illucens biomass at 25% and 50%. Even though
the control group had heavier weight of partridges fed and longer intestinal and caecal lengths, the live
weights of the birds that were fed T. molitor and H. illucens meals were significantly higher than the control
due to improved nutrient digestibility. Apart from these, several studies were carried out to determine the
impacts of insect meal on the egg characteristics of laying hens. With the inclusion of H. illucens into laying
hens’ diets, lay percentage and egg mass were found to be affected only at 25% replacement, owning to
higher methionine and lysine. A replacement by insect meal more than 50% negatively impacted dry
matter, organic matter and crude protein digestibility due to the presence of chitin; hence, a 25% insect
meal replacement was recommended for the diets of laying hens [9]. A 100% soybean meal replacement by
H. illucens was found feasible in Lohmann Brown Classic laying hens during 21 weeks of rearing. Eggs laid
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by the hens fed with the insect diet were found to possess higher quality of yolks than the control group,
which was fed soybean meal. Also, the red index of the eggs laid was found to be higher in the insect
treatment group (5.63) compared with the control (1.36). Moreover, the insect treatment group laid eggs
with higher γ-tocopherol (4.0 against 2.4 mg/kg), lutein (8.6 against 4.9 mg/kg), β-carotene (0.33 against
0.19 mg/kg) and total carotenoids (15 against 10.5 mg/kg) than the control. Nonetheless, the insect treatment
group eggs contained 11% less cholesterol than the control group, and no differences were found in fatty
acid composition [10].

Recently, worldwide researchers have focused on exploiting BSFL biomass to serve as a feed medium
for farmed animals, including aquaculture farming, in order to sustain the rising demands for a protein
source. In this regard, various low-cost organic wastes had been employed to farm BSFL without truly
optimizing its larval protein content. It has been hypothesized that increasing the protein content of
BSFL would directly permit a higher inclusion of larval biomass in animal feeds whilst reducing the costs
attributed mostly as a result of the unsustainable use of fishmeals. BSFL is currently proposed as the best
protein source for animal farming and aquafarming, since the cost of animal feed and fishmeal continue
increasing year after year due to marine overexploitation and a limited availability of lands. Animal
feeds consist mainly of fishmeal and soybean, which serve as the protein alimentation, in addition to
fish oils, seed cakes and other grains [11]. Thus, the main objective of this study was to enhance the
protein content of BSFL by introducing yeast to execute fermentation on low-cost organic waste for
larval feeding (i.e., coconut endosperm waste). The presence of yeast to ferment coconut endosperm
waste would improve the nutritional content of larval feeding medium and eventually the larval protein
content upon feeding. The degree of fermented coconut endosperm waste valorization by BSFL has also
been reported to unveil organic waste treatment potentiality.

2. Materials and Methods

2.1. Acquisition of Coconut Endosperm Waste

The grated fresh coconut endosperm waste (CEW) was initially acquired from a local stall selling
coconut milk and kept within 2 to 4 ◦C in a refrigerator. The moisture content of the CEW was determined
through a gravimetric method and adjusted to 70% by homogenizing with sterile distilled water as
calculated using Equation (1) prior to being used in the experiment.

VH2O =
(% H2O)(M S

)
1 − (% H2O

) − MH2O (1)

where VH2O represents the total volume of sterile distilled water to be added (in g considering the
density of water 1 g/mL), %H2O represents the percentage of desired moisture (which was 70% (0.7 was
inserted into the equation) in this study), MS represents the total dry weight of the CEW (in g) and
MH2O represents the initial moisture content of the CEW (in g).

2.2. Attainment of Black Soldier Fly Larvae (BSFL)

We weighed 200 g of fresh CEW and transferred it into a plastic container with a size of 35 × 25 cm
(height × diameter). We left the ventilated container in a sun-shaded area, serving as a bait to lure female
BSFs. Several pieces of paper box cardboard with a size of 8 cm × 3 cm (length ×width) were attached to
the inner wall of the plastic container about 3 to 5 cm above the CEW medium, acting as a platform for
the female BSF to oviposit her eggs. This cardboard was checked daily for BSF eggs. The attained eggs
were then transferred into sterile Petri dishes and incubated until the larvae emerged. The new BSFL
(neonate) were reared on CEW until 6 days old prior to being used in the experiments [12].
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2.3. Rearing of BSFL Using CEW Inoculated with Yeast

Figure 1 presents the schematic flow of the reported works. Different quantities of dry yeast powder
(commercial brand: Bunga Raya) with 0.02, 0.1, 0.5, 1.0 and 2.5 wt% were separately homogenized
with CEW to serve as an initial inoculum for fermentation to take place. A 10 g, dry weight basis of
each CEW that had been inoculated with yeast medium was then immediately administered to 20
six-day-old BSFLs. The larval rearing using each CEW medium inoculated with different percentages
of yeast was stopped once the BSFL reached its fifth instar, as determined by head size and body
color [1,13]. Each batch of harvested BSFL was deactivated at 105 ◦C for 5 min then dried at 60 ◦C
until reaching a constant weight. This was followed by grinding the BSFL into powder and storing it
at −20 ◦C prior to the chemical analyses [14]. All CEW residues were also separately collected and
dried at 105 ◦C until reaching a constant weight. All setups were (at least) duplicated to verify the
statistical reproducibility.

 
Figure 1. Schematic flow of the experimental procedures.

2.4. Growth Performance of the BSFL

Upon the completion of experiments, growth of the BSFL was evaluated using Equation (2) for
the total biomass gained and Equation (3) for the BSFL growth rate [15], as shown below:

Total biomass gained (g) = Final BSFL dried mass (g) − Initial BSFL dried mass (g) (2)

BSFL growth rate (g/day) = Total biomass gained (g)/Rearing time (day) (3)

2.5. Treatment of CEW Via Valorization by BSFL

In order to determine the degree of CEW reduction, two parameters were measured including
Equation (4) for overall degradation (OD) and Equation (5) for the waste reduction index (WRI) [16],
as shown below:

Overall degradation = Total feed consumed (g)/Total feed offered (g) (4)

WRI (g/day) = Total feed consumed (g)/Rearing time (day) (5)

2.6. Nitrogen, Chitin and Protein Analyses

Nitrogen contents of dried BSFL biomass were determined through the Dumas combustion
method (Perkin Elmer, CHNS/O 2400). The sample was weighed in the range of 1 to 1.5 mg then
transferred into a tin capsule, wrapped and combusted at 925 ◦C. The nitrogen compounds were then
converted into NOx, further reduced to nitrogen gas at 640 ◦C and detected by a thermal conductivity
detector (TCD) [17]. In this study, the larval protein contents were estimated with a multiplication
factor of 6.25 [18]. However, the presence of chitin in BSFL biomass will influence the larval protein
content and, hence, nitrogen from chitin has to be deducted from the total larval nitrogen content prior
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to protein conversion in order to avoid over-estimation [19]. Chitin is a polysaccharide that can be
found in yeast, fungi, crustaceans and insects [20], as well as being present in the exoskeleton of BSFL,
where it accounts for 6.89% of the nitrogen content [16]. The formic acid method was applied for chitin
determination in this study [19,21], with modification to suit a small sample size. We mixed 10 mL of
90% formic acid with 1 g of BSFL dried fat-free biomass (the initial mass prior to being defatted had
been recorded) at room temperature for 24 h. Then, the mixture was centrifuged, and the supernatant
was decanted. The residue was washed with 10 mL of 100% acetone, followed by 10 mL of 70% acetone
before being recentrifuged to separate the acetone. The residue was refluxed with 5% of 10 mL sodium
hydroxide for 90 min before being filtered and washed with distilled water on ashless filter paper
(Whatman No. 1 with a 55 mm diameter). Next, the residue was dried in the oven to a constant weight
at 105 ◦C, then later it was ashed at 550 ◦C for 24 h. The final weight of the sample was recorded and
assumed to be intact chitin.

Chitin content (%) =Mass of residues after ashing (g)/Initial mass of BSFL (g) × 100% (6)

TNChitin (%) = [Chitin content (%) × Nitrogen content in chitin (%) (which is 6.89%)]/100% (7)

Corrected protein yield for BSFL (%) = [TNBSFL (%) − TNChitin (%)] × 6.25 (8)

Protein productivity (g/day) = Protein content (g)/Rearing time (day) (9)

where TNBSFL is the total nitrogen from the BSFL biomass and TNChitin is the total nitrogen from
the chitin.

3. Results and Discussion

3.1. Growth Performances of BSFL

Initially, 10 g of yeast-inoculated feed was introduced to 20 BSFL at different concentrations. The total
biomasses gained for the BSFL were recorded once every setup had reached the fifth instar, as shown in
Table 1. Under the control condition, the total biomass gained by the BSFL was attained at only 0.998 g
from a total of 20 BSFL. This value increased with the increment of yeast concentrations rising from 0.02 to
2.5 wt%, and it attained its highest point at 1.145 g. As compared with a previous study by Zheng et al. [22],
the performance of in situ yeast fermentation at the highest concentration in this study was comparable
to the best RID-X dosage (w/w), which was equivalent to 1.228 g per 20 BSFL with a difference of merely
0.08 g per 20 BSFL. RID-X was the active bacterial product introduced into the larval feeding medium in the
study by Zheng et al. [22]. On the other hand, besides changing the nutritional properties of larval feed by
introducing microorganisms, the growth of the BSFL could also be altered by feeding with a protein-rich
medium, as suggested by Rehman et al. [23]. At a 1:4 ratio of dairy manure to protein-rich soybean curd
residue, the total dry larval mass that could be attained was 28.1 g, which is equivalent to 0.56 g from
20 BSFL. This showed that the performance of BSFL growth through the co-digestion treatment was still
lower compared to the microorganism inoculation treatment (i.e., yeast in this study). Thus, the inoculation
of microorganisms into larval feed is strongly recommended for better BSFL growth.

Table 1. Growth performances of BSFL fed with CEW having been inoculated with different yeast concentrations.

Yeast Concentration (wt %) Total Biomass Gained (g) Growth Rate (g/day) Rearing Time (day)

0 (Control) 0.998 ± 0.125 0.065 ± 0.011 15.5 ± 0.7
0.02 1.013 ± 0.115 0.070 ± 0.011 14.5 ± 0.7
0.10 1.082 ± 0.019 0.077 ± 0.001 14.0 ± 0
0.50 1.088 ± 0.014 0.081 ± 0.005 13.5 ± 0.7
1.00 1.064 ± 0.030 0.079 ± 0.006 13.5 ± 0.7
2.50 1.145 ± 0.099 0.085 ± 0.012 13.5 ± 0.7
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Moreover, the growth rate of the BSFL also increased in parallel to the increasing concentrations
of yeast from an initial 0.065 g/day to a maximum of 0.085 g/day. This phenomenon can be explained
by the shortening of the rearing time of the BSFL. The in situ yeast fermentation of feeding medium
had a reduced rearing time from 15.5 days to 13.5 days. This occurrence could have been due to the
introduction of yeast that favored the digestibility of carbohydrate compounds in CEW [24] and thus
improved the assimilation of nutrients into the BSFL body mass in the form of lipids. Also, Yoon et al. [25]
reported that the yeast was capable of breaking down carbohydrates through fermentation, especially
common monosaccharides such as D-glucose, D-fructose, D-mannose and D-galactose. On the other
hand, it has been proven that the BSFL was also able to convert additional glucose into lipids upon excess
availability [26]. Indeed, the measured lipid content increased from about 40% for the control to 50% for
a 1.0 wt% yeast concentration. The lipids could later serve as a potential source for biodiesel production,
which is something that could be explored further.

3.2. CEW Valorization by BSFL

Due to its polyphagous nature, BSFL is able to reduce solid organic wastes during the rearing
process. In this study, the overall degradation of CEW was 0.48 under the control, and this value
was maintained for low yeast concentrations of 0.02 and 0.1 wt%. With the addition of yeast at more
than 0.5 wt%, the overall degradation of CEW increased to a range of 0.51 to 0.53. Thus, it could be
concluded that the 20 BSFL were able to degrade about half of the CEW upon completion of the rearing
process, disregarding the concentrations of yeast inoculated. With the introduction of yeast at different
concentrations in the feeding medium, it was shown that the WRI increased from 0.31 g/day under
the control, to 0.33 g/day with a 0.02 wt% of yeast and 0.38 g/day with a 0.5 wt% yeast concentration.
At last, the WRI reached its highest point of 0.40 g/day with a 2.5 wt% yeast concentration. The WRI
increment was about 15% faster in 0.5 wt% compared to the 0.02 wt%. This could plausibly be
because the addition of 0.5 wt% yeast reached the concentration threshold for maximizing the in situ
fermentation to spur the ingestion of CEW by BSFL [27]. Also, it can be observed from Table 1 that
the rearing duration for BSFL decreased from 15.5 days and reached a plateau at 13.5 days when
the 0.5 wt% yeast concentration (and beyond) were employed for in situ fermentation. Above the
0.5 wt% yeast concentration, the effect on WRI was not significant, if not deteriorating, as reported
by Palma et al. [28]. In their study of managing high fiber food waste using BSFL, incremental larval
growth led to a decrease in almond hull consumption and vice-versa. The authors presumed that the
occurrence was the result of a competition for resources between the BSFL and microbial communities,
or because of enhanced synergy between the larvae and their associated microbiota.

3.3. Protein Contents in BSFL

The chitin content from the BSFL was determined to be around 8%, and the nitrogen from the
chitin was deducted from the total nitrogen of the BSFL to prevent the over-estimation of BSFL
protein content. Figure 2 shows that the corrected protein of the BSFL was only attained around 28%
under the control system, and that this value increased to its peak at about 35% when the lowest
yeast concentration was used for fermentation. The corrected protein value dropped to around 30%
and remained at that level with yeast concentrations from 0.5 to 2.5 wt%. Looking into the protein
productivity from 20 BSFL, the value was attained at around 0.02 g/day under the control system and
increased to around 0.025 g/day with the introduction of yeast at 0.02 wt%. The value fluctuated within
the range of 0.023 to 0.025 g/day with higher yeast concentrations from 0.5 to 2.5 wt%.

As reported by Diener et al. [19], a daily feeding rate of 100 mg of chicken feed per larva was
proposed to produce better larval quality and higher waste reduction in the shortest period of time.
At this rate, the corrected protein content of BSFL was 34.4%, which is comparable with the current
study in which an average of 34.0 ± 3.4% was attained. This result shows that it is possible to attain
an output with a similar larval protein content through the initial “one-off feeding method” by using
microorganisms to execute fermentation. The introduction of microorganisms into larval feeding media
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has been widely practiced as a means to improve the growth of BSFL. According to Gao et al. [29], the
addition of Aspergillus oryzae into maize straw for fermentation ultimately improved the growth of
BSFL and was able to obtain approximately 42% of larval crude protein. At the same time, the BSFL
reared on fermented maize straw were found to contain higher amounts of monounsaturated fatty
acids and polyunsaturated fatty acids, and were lower in saturated fatty acids as opposed to the control
medium without exo-microorganisms. Concisely, it could be confidently deduced that the introduction
of microorganisms into BSFL media through larval farming systems could promisingly enhance larval
growth and, eventually, achieve more harvested larval biomasses.

Figure 2. Impact of different yeast concentrations inoculating CEW on corrected protein yields and
protein productivities from BSFL.

The introduction of BSFL biomass into animal feed could plausibly replace the exploitation of
unsustainable soybean and fishmeal. Indeed, BSFL could serve as the sole protein source, since larval
biomass is generally fortified with high protein as well as fat [30]. The inclusion of BSFL into animal
feed for laying hens had been found to significantly increase the production of both day and house
eggs. At the same time, it has also positively impacted the characteristics of eggs and the growth of
laying hens [31]. In the case of aquaculture cultivation, a partial inclusion of BSFL into feed at 25%,
serving as fishmeal protein has been shown to increase the growth performances of yellow catfish by
21.7%, while also improving their immune indexes [32]. Moreover, it was reported that the replacement
of fishmeal by BSFL between 28.4% and 50% into the diets of juvenile barramundi could promote
fish growth, fish whole body proximate and amino acid composition [33]. A 100% replacement of
fishmeal by BSFL was also possible in Jian carp cultivation, as it had been reported that there was
no unfavorable impact on the growth of Jian carp. BSFL meal could be an economic and sustainable
replacement for current fish diets that could circumvent both feed shortages and the increasing price of
fishmeal [34]. Thus, it is recommended that BSFL biomass meal be utilized as a substitution for protein
alimentation in animal feed and fishmeal in the long-term, whilst also advocating for the green and
sustainable farming of land and aquatic animals, respectively.
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4. Conclusions

The inoculation of yeast at different concentrations into CEW to serve as the feeding medium for
BSFL rearing enhanced larval growth. For a setup initially containing 20 neonates of BSFL, a final weight
of 1.145 g, a growth rate at 0.085 g/day and a rearing period of 13.5 days were achieved when BSFL
were fed with fermented CEW inoculated with 2.5 wt% yeast. With an increase in yeast concentrations,
the overall degradation of CEW was found to improve from 0.48 to 0.53, with the waste reduction indexes
fluctuating between 0.38 and 0.40 g/day. Likewise, the protein yield from BSFL was boosted from the
control (28%) to its highest value of 35% in the presence of merely 0.02 wt% yeast concentration. On the
other hand, protein productivity was increased from 0.018 g/day for the control to around 0.025 g/day
across 0.02 to 2.5 wt% yeast concentrations. To conclude, the growth of BSFL was promoted with the
inclusion of yeast as the fermentation precursor, and the harvested larval biomass can potentially be
used as a replacement of protein sources in animal feeds and fishmeals.
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Abstract: In this study, the hygro–thermo–mechanical responses of balsa core sandwich structured
composite was investigated by using experimental, analytical and numerical results. These
investigations were performed on two types of specimen conditions: dry and moisture saturation
sandwich composite specimens that are composed of E-glass/polyester skins bonded to a balsa core.
The wet specimens were immersed in distilled water at 40 ◦C until saturated with water. The both
dry and wet sandwich composite specimens were heated by fire. The mass loss kinetic and the
mechanical properties were investigated by using a cone calorimeter following the ISO 5660 standard
and three-point bending mechanical test device. Experimental data show that the permeability and
fire resistance of the sandwich structure are controlled by two composite skins. Obtained results allow
us to understand the Hygro–Thermo–Mechanical Responses of the sandwich structured composite
under application conditions.

Keywords: sandwich composite fire; mechanical responses; moisture content; balsa core; mass loss
kinetic; buckling failure

1. Introduction

The use of organic matrix composite materials has been continuously growing since the 1960s. As
known to all, the material undergoes important physical and/or chemical modifications under extreme
conditions, such as an appearance of metastable states or phase transitions [1,2]. Measurements in
extreme conditions are facing scientific challenges to spot the properties of materials, and a technical
challenge to apply new materials. Obviously, the increasing use of composites has reached a level that
these materials compete with conventional materials such as steel and aluminium alloys in diverse
areas, particularly aeronautics, aerospace and the shipbuilding industry due to their advantages in
physical, chemical and mechanical properties [3–6].

Compared to other materials, organic matrix composites have low density, high specific stiffness
and strength, good fatigue endurance and outstanding resistance to corrosion. However, there are
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several disadvantages compared to metals that include low impact tolerance, low fire performance
and anisotropic properties [5–8]. Hence, the study on the effect of composite material properties under
extreme conditions is needed to understand the behaviour and to optimize their properties. In the
marine industry, the use of a sandwich structure consisting of a lightweight core made of polymer
foam or balsa wood surrounded by thin stiff composite skins made of fiberglass and a major polymer
as vinyl ester, epoxy or polyester, is common [5–8]. These combinations allowed a construction of an
extraordinarily lightweight, durable and rigid structure. However, this type of material structure in
the naval industry requires the special precaution of fire resistance. Composite sandwich materials are
subject to strict regulation, and it is important to predict their thermomechanical properties as handling
any applications [9–15]. The thermal degradation of materials as a composite sandwich have been
widely described in detail [1,2,8,16–21]. There is limited study on the evaluation of the losses of the
mechanical properties under the coupling effect of heat flux and moisture absorption. It is important to
know the residual mechanical properties at room temperature of a burnt sandwich composite material in
order to estimate the fire resistance of this structure after a fire exposure [9–13,15,21–25]. In this context,
we were analysing the h hygro–thermo–mechanical responses of a sandwich structure composed of
fiber-E-glass embedded in a polyester matrix, for the composition of the skins bonded to a balsa core.
Previous studies focused on the thermal degradation of sandwich composite materials [15,23–25], and
there are limited studies performed on the hygroscopically aged materials exploring the coupling
hygro–thermo properties [20,22,24]. Officially, the water and temperature simultaneously could cause
extreme degradation on the skins of this sandwich structure, thus the weak core would be exposed to
application conditions. The resulting mechanical states of the core material can eventually induce the
geometrical stability damage of such sandwich structure [13–15,23–25]. Balsa wood is widely used
for cores of sandwich structures, especially in the shipbuilding industry due to its microstructure
composing of long cells aligned in the axial direction which could provide the required axial strength
and stiffness. However, only a few detailed studies were conducted on this subject [13–15,23–25].
Some research works focused specifically on the mechanical properties of balsa at high temperature
and axial response failure under compression [1,7,8,16].

In the present work, we focus on determining the mass loss kinetic and flexural behaviour under
fire of the two types of dry and wet composite sandwich samples by using a cone calorimeter and a
Zwick universal testing machine. The dry sandwich samples that were obtained from the shipbuilding
industry were immersed in distilled water at 40 ◦C until water saturation. Fire tests were processed
with a heat flux of 50 kW/m2 at different pyrolysis times. Additionally, a multi-layer analysis (skins and
core) was conducted based on experimental results of the composite sandwich structure to estimate
the hygro–thermo–mechanical properties of the global sandwich structure. This study enables the
evaluation of the elastic modulus E and flexural load of the remaining sandwich structure material
after enduring harsh working conditions such as exposure in water-fire.

2. Experiment Set-Up

2.1. Sandwich Composite Materials

The sandwich composite samples were made up of E-glass/polyester skins bonded to a balsa
core by a direct infused process. These samples were cut from commercial plates that are used in the
naval structure. Figure 1 indicated a studied E-glass/polyester/balsa sandwich specimen. The skins
consist of E-glass fabric M450/QX868 made into a 2-plies layer surrounding the balsa core. The core
was ordered to balsa wood pieces concocted in the form of about 50.0 × 30.0 × 16.0 mm3 blocks. The
wood fiber direction (D3) of the core is perpendicular to the composite skins. The average value of the
balsa wood’s density was 126 ± 30 kg m−3. The coefficients es = 1.2 (mm), l = 40.1 (mm), l* = 111.0
(mm) and e = 18.5 (mm), respectively, stand for the average skin thickness, average width, length and
thickness of the sandwich specimens.
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Figure 1. The studied E-glass/polyester/balsa sandwich composite beam specimen (a). Dimensions
were illustrated the chosen directions of the moisture and heat flux. D1, D2 and D3 are, respectively, the
transverse directions and the thickness direction (b).

2.2. Experimental Measurements

2.2.1. Water Absorption Measurements

The sandwich specimens for water uptake were dehydrated in an oven at 50 ◦C until the weight
loss was stabilized, and they were then placed into a container at room temperature for 24 h. The
second step involves the complete immersion of specimens in distilled water at 40 ◦C. In order to
measure the quantity of the moisture absorption, the specimens were periodically removed out of the
water bath one at a time, wiped off with an absorbent cloth, and immediately their mass was weighed.
Sartorius, an MCBA 100 balance with precision ranging of (0–60) g ± 0.1 mg, (61–110) g ± 0.2 mg and
(111–210) g ± 0.5 mg, was used. The moisture absorbed by the material at a specific time M (t) was
experimentally determined by using the following equation:

Mt =
Wt −W0

W0
× 100 (1)

where, Wt is the weight of the specimen at the immersion time t and W0 is the initial weight of the
specimen. The weight measurements were taken initially at an interval of one quantification per day
during the first 30 days, and later with a longer periodicity, since the mass fluctuations were not as
large as during these days.

2.2.2. Mass Loss Kinetic Measurements

Fire-induced mass loss of the sandwich structured composite specimens were carried out using
cone calorimetry (ISO 5660 standard). A radiative heat source was emitted from the cone constructed
by winding an electrical resistance. The radiative source was kept at a uniform heat flux of 50 kW
m−2. Gas flux was diluted with fresh air and drawn into a chimney. The ignition of the sandwich
composite material was caused by a pilot spark. The temperature of the flame during a fire exposure
of the material was 750 ◦C. A surface of the test sample was positioned at a distance of 26 mm from the
radiative source. Figure 2 shows the diagram of the position of the cone calorimetry heating setup.
The direction of the heat flux was perpendicular to a surface of the sandwich sample test. During
a fire resistance test time, the mass of the test sample was recorded as a function of the combustion
time. For the purpose of quickly stopping the degradation of the combustion sample, we quickly
removed a holder of the sample from the calorimeter cone and placed it into a chamber under nitrogen
atmosphere. A residual mechanical property measurement was performed by using a Zwick universal
testing machine. (Zwick Roell Group, Ulm, Germany). The mass loss kinetic measurement was
conducted for the skin alone and the sandwich structured composite samples.
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(a) (b) 

Figure 2. Diagram of the ATLAS cone calorimetry: holder of the test specimen (a), conical heater (b).

2.2.3. Mechanical Property Measurement

In order to measure a remaining mechanical property of the material after an exposure time to
fire, a three-point bending flexural test was performed on the samples that underwent the thermal
degradation processes. Both unaged and thermally-aged sample types were measured for the maximum
flexural force reached before failure as a function of degradation time. The Zwick universal testing
machine with 15 mm radius supports was used with a displacement speed of 10 mm min−1. During
the test, both the flexural force and displacement of the test specimen were recorded. Figure 3 shows
the supporting and the device for the three-point bending tests.

 
 

(a) (b) 

Figure 3. Sketch of the supporting (a) and the device (b) for the three-point bending tests of
sandwich beams.

3. Experimental Results

3.1. Moisture Diffusion

If balsa wood immersed in water, the moisture will absorb in two ways: the first water floods in
free volumes (cracks, hollow fibers) and the second moisture diffuses the dense material. Thus, in the
single balsa wood, the moisture is quickly absorbed, and the moisture content obtained is high [6,7]. In
the case of balsa as the core materialin sandwich composite structures, the skins acted as waterproof
barriers, and infusion resin made full an important amount of hollow fibers for the moisture’s viable
passage. Figure 4 showed the moisture absorption characterization in both the composite sandwich
structure and the bi-blade (balsa core + skin) specimens. The polyester/E-glass fibers skins played as a
boundary which limits the water diffusion in the longitudinal direction of the wood fibers. Thus, the
sandwich structure absorbed the relative moisture slowly.
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Figure 4. Diffusion kinetics of moisture at 40 ◦C in a sandwich beam (a) and a bi-blade (one skin and a
core) (b).

The moisture content obtained in the sandwich material was lower than the bi-blade (balsa core +
skin). This is due to the presence of one skin which limits moisture diffusion in one side of the sandwich
structure. Figure 4a shows that the moisture diffusion was saturated in the sandwich structure after
400 days of immersion. For the bi-blade, the moisture saturation obtained after 75 days. This difference
in the saturation time is due to the skins conducting a high restriction to the moisture penetration
inside the material. Note that there is a large difference in the moisture content between both of the
specimen types. The water absorption limitation corresponds to the value of the moisture content gain
(Figure 4), which is approximately 180% for the bi-blade structure, and only 160% for the sandwich
structure, even though the water diffusion takes place in three sides of the specimen. This measured
value is consistent with values in the written works of the composite sandwich structure and single
balsa [6,8,19,26].

3.2. Mass Loss Kinetic

In order to understand the hygro–thermo–mechanical responses of the sandwich structured
composite, it is necessary to know the mass loss kinetic property of this structure. Thus, the two
specimen types were measured: single skin and the entire sandwich structured composite. The skin
consists of polyester resin and E-glass fibers, and the core is made of balsa wood impregnated with
resin. The skin is practically insensitive to water uptake, whereas the water content in the core is very
high, reaching more than 400% [6,7]. So, it is expected to know a fire response between the dry and the
moisture saturation sandwich structured composite specimens.

In the first approximation for this paper, we consider that the fire response of the dry composite
skin and the skin hygroscopically aged are similar because the skin absorbed a negligible amount
of water. We therefore separated the skin from a dry sandwich composite sample (dimensions are
indicated in Section 2.1), and measured its fire resistance property under 50 KW m−2 heat flux and 750
◦C. The corresponding mass loss kinetic curve is shown in Figure 5. The entire combustion time was
about 200 s, and it induced a mass loss of 60% (initial mass = 10.99 g). In the first 100 s, the single skin
lost about 50% of its weight. This result provides an estimation of the average mass loss rate of the
composite skin of about vs = 0.05 g s−1. At the start of the combustion, the skin burned and emitted a
white smoke, and subsequently released a thick, black smoke. At the end of the combustion, only the
fiberglass fabrics skin remained; the resin completely disappeared.
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(a) (b) 

Figure 5. Mass loss curves as a function of fire exposure time for dry E-glass polyester single skin (a)
and sandwich composite beam (b) from cone calorimetry measurements at 750 ◦C.

For the dry sandwich specimen as shown on the Figure 5b, (initial mass = 38.06 g), the material
combustion curve was investigated in two successive portions: Portion I presents the pyrolyzed top
skin, the exposure time to fire was 100 s, induced loss mass 20% and the mass loss rate was equal to vts

= 0.08 g s−1. Portion II respectively presents the char of the balsa core and the bottom skin, induced
the loss mass about 45% during 775 s and the mass loss rate was about 0.02 g s−1. The incombustible
mass was about 35% of the initial mass. Combustion products of the sandwich structured composite at
the end of the degradation were left with glass fiber fabric and wood charcoal. The glass fiber fabric
and wood charcoal did not degrade due to the pyrolysis temperature that was conducted at 750 ◦C,
which is lower than the melting temperature of the glass fibers and the wood charcoal [2,8,11]. The
obtained results of the sandwich structured composite was pyrolyzed by the cone calorimetry, and
it was found that the kinetic mass loss characteristic of three elements (top skin–core–bottom skin)
was discontinuous. There was a superposition of the combustion at interface between top skin–core
and core–bottom skin. During the first 100 s, the top skin was degraded and retracted by the heat
flux, followed by the balsa core degradation. The top skin–core progressively induced delamination,
an inflammation of the balsa core on the edges of the test specimen, and on resin between the balsa
wood blocks. It made the balsa core lose its mass while the degradation in the top skin continues. The
equivalent mass loss curve of the sandwich structure was obtained, which is the continuous curve in
Figure 5b. The overview of the degradation processes on the cross section at different time intervals of
the sandwich specimens during fire exposure is illustrated in Figure 6.

Finally, with the same measurements with above dry sandwich specimens, the determination of
moisture saturation specimens (immersed in water at 40 ◦C) were performed, (initial mass = 78.93
g). Based on the observation, the fire behavior of the wet sandwich sample was similar to the dry
sandwich sample. During the first 100 s, the combustion of the top skin induced a mass loss about 5%
and the mass loss rate was equal to vts = 0.04 g s−1. Then, the combustion of the equivalent bi-blade
consisting of the balsa core and the bottom skin, induced a mass loss of 85% during 2150 s, and the
mass loss rate was equal to 0.03 g s−1. The remaining mass was about 10% of the initial mass of the test
sample. Figure 5 presented that the evolution of the mass loss as a function of exposure time to fire of
the moisture saturation sandwich sample. The degradation mechanism in the moisture saturation
sandwich sample occurred slowly, but in the dry sandwich sample it occurred rapidly. This is because
the water saturation sandwich sample contains a high water quantity which might significantly slow
down the material pyrolysis. Thus, the complete deterioration due to fire of the water saturation
sample was achieved in the 2250 s.
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Figure 6. Cross-sectional view of the during fire exposure of the dry specimens (a) and the moisture
saturation specimens (b).

3.3. Post-Hygro-Thermo-Mechanical Properties

Following mass loss measurements, the residual mechanical properties were determined
to understand the hygro–thermo–mechanical response of these materials. Three-point bending
measurements were performed on dry and water saturation samples at different times of the fire
exposure. This analysis allows examining the residual mechanical strength of the sandwich structured
composite after fire exposure.

Thus, the first step is to measure the ability of the sandwich structure to transmit a load up
to the elastic limit. Figure 7 illustrated the evolution of the force as a function of displacement for
dry and water saturation sandwich samples that did not undergo heat treatment. The mechanical
behaviour consists of three periods: the first (period I) is similarly a behaviour of the porous materials.
The displacement increases while the force is constant. This is supposed to be due to a change of
the free volume of the top composite skins that were directly subjected to the action force. Thus,
the residual deformation is maintained after discharge. A linear elastic behaviour of the sandwich
structured composite material was observed. The force increases linearly with the displacement.
Therefore, this linear portion of the curve was selected to make definite the Young’s modulus. The
final portion of the curve in period I corresponds to a nonlinear behaviour of the material until the
abrupt rupture of the specimen. At the beginning of this phase, the force increases which corresponds
to a small displacement. This clearly demonstrates that the flexural stiffness of the sandwich structure
is improved by the shear stiffness of the balsa core. The end of this phase highlights a failure mode of
the balsa core. The core is major enforced to shear, and failure takes place as the critical value (shear
strength) of the core material is attained by the maximum shear stress. In the case of the moisture
saturation specimen, after reaching critical load, the specimen did not break completely. The large
amount of water contained in the core made it more elastic, so there was then a period of internal
structure reorganization with constant force (period II). Finally, the force increases linearly with the
increase of displacement (period III). The end of this period corresponds to a nonlinear behaviour of
the moisture material until the rupture of the specimen. The critical load of the moisture specimen is
lower than this one of the dry specimen, but the elastic deformation of the moisture specimen is larger
by about 1.5 times. Figure 7b shows the failure mode of dry and water saturation sandwich specimens.
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Figure 7. Three-point bending test: Force—displacement curve of the dry and water saturation
sandwich specimens (a), failure mode of dry sandwich specimen (b) and water saturation sandwich
specimen (c).

The second step was to measure the hygro–thermo–mechanical properties of the sandwich
composite beam. The failure mode of the sandwich beam is characterized by two parts. The first is the
core’s shear failure and the second failure is due to global buckling of the skins. The displacement
obtained by the three-point bending test is therefore composed of two parts: the deflection due to
global buckling and the displacement caused by shear deformation of the core. The total displacement
is expressed as follows [13,22,24]:

δ
FL

=
L2

48D
+

1
4S

(2)

where δ is the displacement (mm) measured at mid-span under load F (N). L is the span length (mm),
D = IE is the flexural stiffness of the sandwich beam (N·mm2) within E (MPa) is the Young’s modulus I
is the inertia moment, and S = Gel is the shear stiffness of the sandwich beam (N) with G being the
shear modulus (MPa). The coefficients l and e are, respectively, the width and the thickness of the
sandwich specimen. Equation (2) is used to determine the values of the Young’s modulus E and the
shear modulus G of the specimen by measuring three-point bending for five sandwich beam specimens
with the different values of L. The corresponding curve is represented in the Figure 8 as well as the
equation of the line obtained by linear regression analysis on the experimental points. The calculated
values of the Young’s modulus is E = 7.8 × 103 MPa and of the shear modulus, it is G = 85.9 MPa for
the dry balsa core sandwich beam specimen. Results are coincident with one found in the research in
the particular case for pure balsa wood or E-glass-reinforced polyester resin [2,3,6,7,12].

It is supposed that the parameter (1/(4S)) of the Equation (2) is corresponding to zero (Ignoring the
contribution of core to the flexural stiffness). The Equation (2) is also rewritten to identify the Young’s
modulus E as follows:

E =
L3

4le3 ×
F
δ

(3)

Identification of the elastic modulus E is performed by using the analytical resolving method,
given by the Equation (3) and the experimental results F and δ, obtained by three-point bending test.

Finally, the residual flexural mechanical responses were investigated on the dry and moisture
saturation sandwich beam specimens. The normalized evolutions of the maximum force and the
Young’s modulus as a function of the time exposed to fire are shown in Figure 9. These plots show
the thermo–mechanical responses as the maximum force (Fm) and the flexural modulus (E) decreases
followed exponential law. This law had also been observed for other composite materials [2–4,9,27].
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The dry and water saturation sandwich structured composite materials lost their mechanical properties
during 100 s of exposure time to fire. This time characteristic corresponds to the thermal degradation of
the top skin. When the top skin is degraded to weaken the sandwich structure, the maximum force and
the flexural modulus decreases like the exponential law. The dependence of the thermo–mechanical
properties on the moisture content is visible in Figure 9. These obtained experimental results indicate
that the sandwich structured composite specimen and the thermo–mechanical responses significantly
related to the degradation of the top skin, and they are not assured of the moisture content in the
balsa core. The moisture concentration only strongly influences the duration of the fire exposure.
The normalized force curve expresses a light disparity between dry and moisture materials and
the normalized Young’s modulus indicated the similar trend. Thus, it allows us to express that the
relative elasticity of the sandwich material is independent of the internal water concentration, but it is
significantly influenced by the duration of the fire exposure time. Figure 10 represents the cross-section
of the sandwich structured composite beam after 100 s exposed to fire for the dry and the moisture
saturation specimens to confirm well the weakened sandwich structure due to the degradation of its
top skin.

 
Figure 8. The curve of the δ/(FL) = L2 to determine the Young’s modulus (E) and the shear modulus (G).

 
(a) (b) 

Figure 9. Post-residual flexural mechanical responses as a function of fire exposure time: normalized
residual force (a) and normalized residual modulus (b).
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Figure 10. Cross-section of the sandwich structured composite beam after 100 s exposed to fire for the
dry specimen (a) and the moisture saturation specimen (b).

4. Conclusions

The diffusive behaviour of the sandwich specimen and the bi-blade specimen (one skin and core)
were investigated to understand the moisture impervious barrier significance of the skin. Thermal
degradation rates under fire were identified for each skin and bi-blade sandwich specimens. The
residual flexural mechanical responses as a function of the fire exposure time under a heat flux of 50
kW m−2 and 750 ◦C were analysed for the dry and moisture saturation sandwich specimens. The
obtained results show that the sandwich structure undergoes a rapid thermo–mechanical degradation
in the first 100 s of fire exposure, and this degradation is strongly influenced by the degradation of the
top skin. Although the relative elasticity modulus of the sandwich structure composite material is
independent of the moisture content, it is strongly influenced by the fire exposure time.
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Abstract: This paper explores five multivariate techniques for information fusion on sorting the
visual ripeness of Cape gooseberry fruits (principal component analysis, linear discriminant analysis,
independent component analysis, eigenvector centrality feature selection, and multi-cluster feature
selection.) These techniques are applied to the concatenated channels corresponding to red, green,
and blue (RGB), hue, saturation, value (HSV), and lightness, red/green value, and blue/yellow value
(L*a*b) color spaces (9 features in total). Machine learning techniques have been reported for sorting
the Cape gooseberry fruits’ ripeness. Classifiers such as neural networks, support vector machines,
and nearest neighbors discriminate on fruit samples using different color spaces. Despite the
color spaces being equivalent up to a transformation, a few classifiers enable better performances
due to differences in the pixel distribution of samples. Experimental results show that selection
and combination of color channels allow classifiers to reach similar levels of accuracy; however,
combination methods still require higher computational complexity. The highest level of accuracy
was obtained using the seven-dimensional principal component analysis feature space.

Keywords: Cape gooseberry; color space selection; color space combination; food engineering

1. Introduction

In the advent of the fourth industrial revolution, the growing tendency of automation of human
activities encourages the use of robotic systems in the food industry [1]. In this context, the automation
of food packing processes is essential to accelerating the production rate, and reducing human contact
and possible contamination of food products. Moreover, machine vision techniques allow robotic
systems to retrieve information from food products, using different sensors that depend on the
particular characteristics to be measured, and each sensor represents an additional cost to construct an
information retrieval system. For instance, an application that requires such automation systems is
the classification of Cape gooseberry (Physalis peruviana L.) fruits according to their level of ripeness.
Current industry practices address this repetitive task through visual inspection of color, size, and
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shape parameters [2]. While automated sorting systems based on computer vision techniques have
been proposed to improve production methods and provide high-quality products, their operation
relies on classification algorithms that consider either different color spaces or a combination of
them [3,4].

The most common representation of color images employed by computer vision systems is a
combination of the three primary colors: Red, green, and blue (RGB). The triplet with the values for
each primary color is typically considered as a coordinate system with either Euclidean, Mahalanobis,
Hamming, or a different metric of distance. In such a three-dimensional coordinate system, each point
(e.g., 3D vector) represents a different color in the visible spectrum. Other color spaces different than
RGB are commonly employed, providing different three-dimensional representations, and can be
classified into three categories according to [5]: Hardware-orientated spaces, human-orientated spaces,
and instrumental spaces. In the first category, hardware-orientated spaces (e.g., RGB, YIQ, and CMYK )
are defined based on the properties of the hardware devices used to display images. On the other hand,
human-orientated spaces (e.g., HSI, HSL, HSV, and HSB ) are based on hue and saturation, following
the principles of an artist and based on inherent color characteristics. Finally, instrumental spaces
(e.g., XYZ, L*a*b*, and L*u*v* ) are those used for color instruments, where the color coordinates of an
instrumental space are the same on all output media.

As will be considered in Section 2, the color spaces that are most commonly employed in the
classification of fruits are RGB, L*a*b*, and HSV. However, the accuracy of the same classifier on
the same dataset may vary from one color space to the other. Some authors have investigated these
differences in classification accuracy due to the variation of the distribution of pixels in distinct
color spaces or the use of different segmentation techniques. According to [6,7], the practice of color
measurement in food engineering, the L*a*b* color space, is the most commonly used. The main
reasons are related to the uniform distribution of colors and because the L*a*b* is perceptually uniform
(i.e., equal changes in data are visually perceived as equal changes in the color space). However, it is
known that color spaces like RGB, L*a*b*, and HSV are equivalent up to a transformation.

Regardless of the color space used for classification, the objective of classifiers applied to fruit
sorting consists of finding a criterion to separate samples from one or other ripeness levels in the
so-called feature space. The goal is to establish a decision boundary that may be applied as a fixed
borderline between categories. Supervised classifiers employ labeled samples to learn a model that is
used to predict a category in new, never seen unlabeled samples. Supervised classifiers commonly
employed in the food industry include support vector machines (SVM), k-nearest neighbors (KNN),
artificial neural networks (ANN), and decision tree (DT) [8,9].

In practice, any pattern classifier may be employed, presenting a trade-off between accuracy
and complexity. While the equivalence between color spaces is well-known [10], it has been found
that different color spaces allow the same classifier to produce distinct classification rates, due to
variations in the distribution of color samples [3,11]. Moreover, the combination of color spaces using
multivariate analysis may provide a feature space where an increase in classification accuracy is
possible. For instance, in [3], a methodology to compare different combinations of machine learning
techniques and color spaces (RGB, HSV, and L*a*b*) was proposed in order to evaluate their ability
to classify Cape gooseberry fruits. The results showed that the classification of Cape gooseberry
fruits by their ripeness level was sensitive to both the color space and the classification technique
used. The models based on the L*a*b* color space and the support vector machine (SVM) classifier
showed the highest performance regardless of the color space. An improvement was obtained by
employing principal component analysis (PCA) for the combination of the three-color spaces at the
expense of increased complexity. An extension of such a study was proposed in [4], where a supervised
multivariate analysis method was compared with previous results (linear discriminant analysis, LDA).

In this paper, an extension of previous work described in [3,4] is proposed to compare multivariate
analysis methods and machine learning techniques for ripeness classification. The color channels
from RGB, HSV, and L*a*b* color spaces were concatenated to spam a nine-dimensional feature
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space. The five multivariate methods employed to combine information from the nine color channels
include PCA, LDA, independent component analysis (ICA), multi-cluster feature selection (MCFS),
and eigenvector centrality feature selection (ECFS). In the last case, selection methods applied to find
the most relevant features for classification were MCFS and ECFS. The main contribution of this paper
is the use of multivariate techniques to find an appropriate feature space for classification.

The manuscript is organized as follows. Section 2 summarizes the most recent works published
on ripeness classification, including diverse approaches and methodologies. Some of the most popular
methods were selected for this comparison, and Section 3 describes the material and methods employed
in experiments to compare the distinct approaches. Section 4 presents the results and a discussion on
the relevant findings. Finally, Section 5 presents conclusions and future work.

2. Ripeness Classification

As reported in the literature, different color spaces have been used to create automated fruit
classification systems, presenting different levels of accuracy that are related to both, the color space
and the sorting algorithm. Table 1 shows common methods and color spaces reported in the literature
used to classify distinct fruits according to their ripeness level.

Table 1. Color spaces and classification approaches for fruit classification in literature. NA stands
for non-available information MDA stands for multiple discriminant analysis, QDA for quadratic
discriminant analysis, PLSR for partial least squares regression, RF for the random forest, and CNN for
the convolutional neural network. The table was taken from [3] and updated with new findings.

Item Colorspace Classification Method Accuracy Ref

Apple HSI SVM 95 [12]
Apple L*a*b* MDA 100 [13]

Avocado RGB K-Means 82.22 [14]
Banana L*a*b* LDA 98 [15]
Banana RGB ANN 96 [16]

Blueberry RGB KNN and SK-Means 85-98 [17]
Date RGB K-Means 99.6 [18]
Lime RGB ANN 100 [19]

Mango RGB SVM 96 [5]
Mango L*a*b* MDA 90 [20]
Mango L*a*b* LS-SVM 88 [21]

Oil palm L*a*b* ANN 91.67 [22]
Pepper HSV SVM 93.89 [23]

Persimmon RGB + L*a*b* QDA 90.24 [24]
Tomato HSV SVM 90.8 [25]
Tomato RGB DT 94.29 [26]
Tomato RGB LDA 81 [27]
Tomato L*a*b* ANN 96 [28]

Watermelon YCbCr ANN 86.51 [29]
Soya HSI ANN 95.7 [8]

Banana RGB Fuzzy logic NA [9]
Banana RGB CNN 87 [9]

Watermelon VIS/NIR ANN 80 [30]
Watermelon RGB ANN 73.33 [31]

Tomato FTIR SVM 99 [32]
Kiwi Chemometrics MOS E-nose PLSR, SVM, RF 99.4 [33]

Coffee RGB + L*a*b* + Luv + YCbCr + HSV SVM 92 [34]
Cape Gooseberry RGB + HSV + L*a*b* ANN, DT, SVM and KNN 93.02 [3,4]

According to Table 1, the most common color space used for classification is RGB, with 50% of the
works, followed by L*a*b* with 32%, and HSV with 14%. Similarly, the most common classifiers are
ANN and SVM, with 32% of the experiments reporting results using color spaces that include RGB,
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L*a*b*, and HSV. The accuracy obtained by each approach depends on the experimental settings and
are not comparable at this point. However, reported accuracy ranges between 73 and 100 percent.

2.1. Methods for Color Selection and Extraction

The distribution of samples in the feature space depends on the measurements obtained from
sensors, and in this case, the color channels for the distinct color spaces. The search for the color
channels that are most relevant for classification is important to help classifiers to find the decision
frontier between classes. Features that are noisy or not relevant may difficult classification problems
and may conduce to a low performance even by the most sophisticated classifiers. Finding a subset of
the k most relevant features, either by selecting them or applying feature extraction techniques, favors
the reduction of redundant and irrelevant information. The so obtained k-dimensional feature space
employed for classification instead of the original d-dimensional feature space is suitable to facilitate
finding a separation criterion between classes. Whereas feature extraction algorithms find a mapping
to a new feature space, feature selection methods aim to select a subset of vectors that spans a feature
subspace that facilitates classification.

Feature extraction approaches can be categorized according to the use of data labels in supervised
and unsupervised. Unsupervised feature extraction techniques consider the underlying distribution of
data solely, and aim to find a mapping to a new feature space with desired characteristics. An example
of unsupervised methods is PCA, which employs the Eigenvectors of the covariance matrix of
samples to maximizes their spread in each new axis. Additionally, supervised approaches employ
the information from class-labels to find the mapping. A representative supervised approach is the
linear discriminant analysis (LDA), that aims to maximize the spread of samples distinct classes, and
minimize the within-class spread.

Analogously, supervised feature selection considers class labels to find the most relevant features,
and unsupervised feature selection strategies are based exclusively on the underlying distribution
of samples. The selection of the subset of the most relevant features is a computational expensive
combinatorial problem. The optimally of an algorithm to find a good enough feature subset may
depend on the strategy followed for ranking or selection of features.

In feature selection and extraction, the problem can be stated by considering a set of points
(sample tuples or feature vectors) X = {x1, x2, ..., xN}, where xi ∈ Rd. The algorithms for feature
extraction and selection, find a new set X′ = {x′1, x′2, ..., x′k}, where x′i ∈ Rk, and k ≤ d is the new
dimension of the feature vectors.

2.2. Principal Component Analysis (PCA)

The PCA method is applied to find a linear transformation that finds the directions of maximum
variance data. Sample patterns are projected onto a new feature space, and the axes with more
explained variance provide a distribution that facilitates the separation between classes. The algorithm
is shown in the Figure 1 depicts the general procedure to transform data samples from X to their new
representation in the k-dimensional feature space X’. The new k-dimensional feature space corresponds
to the k eigenvectors of the covariance matrix C. The axis with the highest eigenvalues expresses a
higher explained variance.
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Figure 1. The procedure followed by principal component analysis (PCA) to map the input data
samples to the new k-dimensional feature space.

2.3. Linear Discriminant Analysis (LDA)

The LDA method allows obtaining and applying a linear transformation that finds the directions
of maximum variance input data samples. The main difference with PCA is that LDA aims to minimize
intraclass variability, whereas it maximizes interclass variability employing class labels. The main
limitation is that the number of classes bounds the number of features in the new k-dimensional
space (e.g., 1 < k < c, where c is the number of classes). This limitation makes this approach
advantageous only with a high number of classes, and unpractical for data with a few classes
(e.g., c << d). The procedure followed in computing the mapping and transforming the data is
shown in Figure 2.

Figure 2. The procedure followed by linear discriminant analysis (LDA) to map the data samples to
the new k-dimensional feature space.

2.4. Independent Component Analysis (ICA)

The ICA method finds underlying components from multivariate statistical data, where data is
decomposed into components that are maximally independent in an appropriate sense (e.g., kurtosis
and negentropy). The difference between PCA and LDA is that low-dimensional signals do not
necessarily correspond to the directions of maximum variance; rather, the ICA components have
maximal statistical independence and are nongaussian. In practice, ICA can be used to find disjoint
underlying trends in multi-dimensional data [35].

The algorithm is shown in the Figure 3 depicts the procedure followed by the FastICA algorithm
to obtain the independent components from X, using kurtosis as a measure of non-gaussianity. In this
case, dimensionality reduction is not obvious, given that there is no measure of how important a
particular independent component is. The relevance of the individual features obtained with PCA and
LDA is given by the algorithms shown in Figures 1 and 2, respectively. In the case of ICA, feature
selection techniques may be employed to provide a relevance level for each of the features that result
from the transformation, as described in Sections 2.5 and 2.6.
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Figure 3. The procedure followed by FastICA to map data samples in X to the new feature space that
respects nongaussianity using kurtosis.

2.5. Eigenvector Centrality Feature Selection (ECFS)

The feature selection via eigenvector centrality is a supervised method that ranks features by
identifying the most important ones. It maps the selection problem to an affinity graph with features
as nodes and assesses the rank features according to the eigenvector centrality (EC) [36].

The algorithm shown in the Figure 4 presents the method to rank and select the most relevant
features from the data samples X. While this does not constitute a proper transformation in
terms of linear algebra, every sample is represented in a new k-dimensional feature space with
the highest-ranked features.

Figure 4. The procedure followed by eigenvector centrality feature selection to select the variables that
constitute the new feature space.

2.6. Multi Cluster Feature Selection (MCFS)

Multi-class feature selection (MCFS) is an unsupervised technique that aims to find those features
that preserve the multi-cluster underlying structure of the samples used for training [37]. Given that
the number of clusters is unknown a priori, it is a good practice to explore distinct values to find a
good feature subspace. The most relevant features are found following the procedure shown in the
algorithm shown in the Figure 5.
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Figure 5. The procedure followed by eigenvector centrality feature selection to select the variables that
constitute the new feature space.

While the simplest method to choose W was presented in Step 1, other methods exist that range
between accuracy and complexity (See [37]). According to the authors, the default number of nearest
neighbors is p = 5, and the default number of eigenfunctions is K = 5. This last parameter K usually
influences the accuracy of the algorithm and should be optimized before usage.

2.7. Classification for Fruit Sorting

According to Table 1, some of the most popular supervised classifiers in fruit sorting are the
artificial neural networks (ANN), decision trees (DT), support vector machines (SVM), and k-nearest
neighbor (KNN). These classifiers were used in this paper for the experimental settings. While these
techniques have been present in the literature for many years now, see [3,38], their usage in practice
increased due to their capacity to address diverse real-world problems.

ANN is a non-linear classifier that simulates biological neural networks. A common
implementation of ANN corresponds to the probabilistic ANN, which produces an estimated posterior
probability for each input sample to belong to any of the classes, and the max function allows to select
the most likely class. In this research, the Matlab’s Neural Network Toolbox was used to implement
the probabilistic ANN classifier, byways of the newpnn function, tunned to optimize hyperparameters
using linear search.

DT is a tree-based example of the knowledge used to represent the classification rules. Internal
nodes are representations of tests of an attribute; each branch represents the outcome of the test, and
leaf nodes represent class labels. In this paper, the Matlab’s Machine Learning Toolbox (MLT) was
used the train and simulate DTs, using the Classification & Regression Trees (CART) algorithm to
create decision trees, with the fitctree and predict functions. The function fitctree employes standard
classification and regression trees algorithm to create DTs.

SVM is a non-parametric statistical learning classifier that constructs a separating hyperplane (or a
set of hyperplanes) in a high-dimensional feature space. Some versions use the so-called kernel trick to
map data to higher dimensional feature space and find the separating hyperplane there. The functions
fitcecoc and predict functions were used for simulations, both implemented in Matlab’s MLT. The
fitcecoc function was tunned to use a linear kernel and Bayesian hyperparameter optimization.

KNN is a non-parametric classifier that keeps all training samples, and prediction is based on
the number of closest neighbors belonging to a class. Given an input sample, the distance to all
stored samples is computed and compared to all pre-stored samples, presenting a high computational
complexity at prediction. For simulations, the fitcknn and predict functions from Matlab’s MLT were
used. This function employs Bayesian hyperparameter optimization.

3. Materials and Methods

For experiments, a set of 925 samples of Cape gooseberry fruits were collected from a plantation
located in the village of El Faro, Celendin Province, Cajamarca, Peru (UTM: −6.906469, −78.257071).
Fruit samples were homogeneously disposed on a conveyor belt used in a production line (160× 25 cm,
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and 80 cm high). A Halion-HA-411 VGA webcam was used for image capture, which provides RGB
raw images in JPG format. The resolution of the resulting images is 1280 × 1720 pixels. The camera
was fixed 35 cm over the conveyor belt, and the captured scene was covered with black matte panels to
reduce variations in light, as implemented by Pedreschi et al. [39]. The illumination system included
two long fluorescent tubes (Philips TL-D Super, cold daylight, 80 cm, 36 W) that were placed on both
sides of the conveyor belt. Additionally, a circular fluorescent tube (Philips GX23 PH-T9, cold daylight,
21.6 cm, 22 W) was located at the top of the setting. Images captured with the camera were stored on a
portable computer running Matlab to control image acquisition and data analysis.

Seven levels of ripeness were employed for visual classification, following the standard for Cape
gooseberry, and the visual scale proposed in [40] and shown in Figure 6. The process followed for
evaluation is depicted in Figure 7. Images captured from the conveyor belt (step 1) were employed to
find the regions of interest corresponding to Cape gooseberry fruits in the image, employing standard
segmentation techniques (steps 2 and 3); the size of resulting regions depends on the size of the actual
fruit. Color versions of segmented fruits were labeled by five experts according to the categorization
proposed by Fischer et al. in [40] (step 4). One-color sample was selected for each fruit region in each
of the RGB, HSV and L*a*b* color spaces, by computing the average for each color channel; and a
nine-dimensional feature vector was built through concatenation: x = [R, G, B, H, S, V, L∗, a∗, b∗]T
(step 5). Then, multivariate analysis techniques for feature extraction/selection were applied to the
set of feature vectors (step 6), and the resulting samples were organized for five-fold cross-validation.
Four standard classifiers were trained (step 7) and performance evaluation computed (step 8).

Figure 6. Levels of ripeness employed for supervised visual classification.

Figure 7. Experimental process followed to evaluate the system with distinct feature
extraction/selection methods and different classifiers.
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The performance of the seven-class classifiers was evaluated using the F-measure, as defined
in [3]. First, the confusion matrix is computed according to the responses of each classifier, and true
positives (TPi), false positives (FPi), true negatives (TNi), and false negatives (FNi) are obtained for
each class i, using the elements Nij of the confusion matrix. Class-specific precision and recall are
computed using Equations (1) and (2), respectively.

Precisioni =
TPi

TPi + FPi
(1)

Recalli =
TPi

TPi + FNi
(2)

Finally, the multiclass F-measure was used for comparison along with the experimental results,
due to its representativeness of the classification performance on target classes (Equation (3)).

F − measurei = 2 × Precisioni × Recalli
Precisioni + Recalli

(3)

The three analyses followed to characterize the performance of the system started by fixing the
classifier (e.g., SVM). First, the k (number of clusters) was explored in order to find the k that allows the
highest classification performance. Then, the size of the feature space was explored in terms of average
F-measure. The last analysis explores the performance using the parameters found in previous steps,
and the four classifiers presented in Section 2 ANN, SVM, DT, and KNN.

4. Experimental Results

As explained in Section 2.6, MCFS needs a search to find the number of clusters that maximizes
the classification performance. The number of characteristics was set to seven, to make it comparable
with previous results using PCA [3].

Figure 8 shows the box plots that summarize the distribution of performance for the SVM classifier
trained with seven color channels (features) selected with the MCFS algorithm. The parameter that
controlled the number of clusters was moved from 1 to 9 (i.e., the maximum number of possible
features). In most cases, the median of the F-measure was maintained around 71.75, and only two
cases were different: 2 and 9. Using nine clusters appears to provide lower performance related to the
creation of an excessive number of clusters. On the other hand, using only two clusters for feature
selection seems to provide a higher level of accuracy. However, and regardless of the median accuracy,
the variability between cases shows a difference that makes no significant difference in using a different
number of clusters. Therefore, in the following experiments, the number of clusters is fixed at 2, and it
explored other variables.



Processes 2019, 7, 928

Figure 8. Boxplots corresponding to the F-measure for nine distinct values of the parameter controlling
the number of clusters in multi-cluster feature selection (MCFS). The number of characteristics was
fixed at 7, and the experimentation follows a five-fold cross-validation strategy.

4.1. Analysis of Feature Spaces

Table 2 shows the average F-measure and standard deviation corresponding to the outputs
generated by the SVM classifier after training on feature spaces selected or extracted with the different
methods explained in Section 2. The feature space was varied from d ∈ {1...9} features, generating
nine d-dimensional feature spaces for classification. The performance was estimated using a five-fold
cross-validation strategy to obtain a measure of dispersion.

Table 2. Average F-measure of the support vector machine (SVM) classifier applied to distinct feature
spaces obtained with the four methods for feature extraction/selection. IC stands for the independent
component, bold numbers symbolize the highest F-measure obtained for each method, and numbers in
parenthesis symbolize standard deviation.

Method 1D 2D 3D 4D 5D 6D 7D 8D 9D

PCA 40.89 68.56 69.48 71.23 71.83 71.69 71.99 71.70 71.65
(0.34) (0.91) (0.95) (0.82) (0.92) (0.70) (0.81) (0.92) (0.91)

LDA 52.43 69.10 69.48 70.05 70.02 71.48 - - -
(0.81) (1.24) (1.17) (1.00) (1.05) (0.74) - - -

ICA 8.12 25.21 53.89 58.93 62.18 63.74 68.10 70.38 71.67
(0.40) (0.45) (1.16) (1.12) (1.16) (1.02) (0.91) (0.87) (0.90)

MCFS − 2 clusters 64.74 65.67 70.04 70.72 71.02 71.92 71.99 71.83 71.66
(0.70) (0.68) (1.13) (1.04) (0.96) (0.76) (0.79) (0.89) (0.87)

Color channel L*(7) V(6) H(4) b*(9) R(1) G(2) B(3) S(5) a*(8)

ECFS 40.93 68.81 69.55 71.33 71.89 71.76 71.86 71.84 71.66
(0.32) (1.18) (1.2) (0.72) (0.72) (0.79) (0.83) (0.79) (0.87)

Color channel G(2) R(1) a*(9) b*(8) H(4) L*(7) S(5) V(6) B(3)

ICA + ECFS 23.21 25.18 28.82 36.14 51.84 51.70 61.22 62.71 71.67
(0.41) (0.46) (0.54) (0.71) (0.79) (0.74) (0.73) (0.75) (0.90)

IC 2 1 9 8 4 7 5 6 3

ICA + MCFS 26.61 44.68 57.24 61.13 61.81 63.07 65.14 68.57 71.67
(0.57) (1.07) (1.08) (1.09) (1.15) (1.26) (1.14) (0.84) (0.90)

IC 3 2 4 8 9 1 6 5 7

Results showed in Table 2 evidence that was using seven features provide a level of performance
that is similar either using MCFS or PCA. On the other hand, ECFS and LDA present the highest level
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of performance using five and six features, respectively, with a slightly lower average performance
compared to PCA and MCFS. Moreover, in all cases, using more than three features allows classifiers
to obtain a significantly higher performance with a lower standard deviation. In that sense, when a
feature space with more color channels—or features—is employed, the SVM classifier presents a higher
and more stable classification performance, at the expense of the evident increase in computational
complexity. This is evident either if features are selected (e.g., MCFS, ECFS) or extracted (e.g., PCA,
LDA). Different behavior is presented when ICA is employed for feature extraction, due to the strategy
to find the independent components instead of the axis of maximum spread.

In the hypothetic case that only three-color channels were allowed, and these channels could be
arbitrarily chosen from the nine provided by our three-color spaces, in this case, a selection method
should be used. Then, a quick look at the 3D column of Table 2 evidences that the MCFS provided a
better channel selection, achieving the highest performance level with a feature space composed of
channels [L∗, V, H].

4.2. Performance across Classifiers

The comparative of performance in terms of F-measure, between the ANN, DT, SVM, and KNN
classifiers, evaluated on the best d-dimensional feature space found in Section 4.1, is presented in
Figure 9. The distinct feature spaces provided a different optimal number of characteristics, and those
features were employed in each case. In particular, seven features were selected for PCA and MCFS,
six features for LDA, and five features for ECFS. In the case of ICA, all nine features were employed to
obtain the highest level of performance.
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Figure 9. Boxplots representing the distribution of F-measure performance for the feature
selection/extraction approaches, using four different classifiers.

As shown in Figure 9, the SVM classifier F-measure outperforms the rest of the approaches,
and only ANN performance is close to SVM performance on the six-dimensional LDA feature space.
The highest level of F-measure achieved by ANN is shown in the space extracted with LDA. In general,
in these settings, the performance of all classifiers presents its highest level on the seven-dimensional
PCA space. The settings suggest that PCA provides a feature space that facilitates the work of
a classifier after combining information from multiple color spaces. On the other hand, focusing
on the two feature selection methods, a similar level of performance is provided by all classifiers,
without significant difference. The only case where KNN presents a lower performance is on the
nine-dimensional ICA feature space. However, if a minimum number of features is required for a
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given application (e.g., to reduce computational complexity and cost), a feature selection method may
provide the means to select a few color channels (sensors), at expenses of a reduction in performance.

5. Conclusions and Future Work

In this paper, an extension of a food packaging process was proposed for Cape gooseberry fruit
sorting, according to its ripeness level. As a difference from previous works, five techniques from the
multivariate analysis were employed to find the feature spaces that facilitate classification. Whereas
PCA, LDA, and ICA provided mapping to a new feature space, the two selection methods (MCFS and
ECFS) provided the most relevant features for classification. The configuration of the experiments
provided a realistic scenario, including accommodating Cape gooseberry fruits with distinct levels of
ripeness on a conveyor belt, that were captured with a VGA camera located on top. Segmentation and
manual sorting were performed before feature extraction/selection and classification. Four classifiers
commonly employed in literature for ripeness classification were compared, including ANN, SVM,
DT, and kNN.

Results reveal that selection and extraction methods allow classifiers to reach similar levels of
accuracy, but feature extraction methods require an increased computational complexity. This evidence
must be considered in a final implementation, and the real-time performance of the whole system
should be observed once running with the distinct algorithms on the selected computational platform.

Considering the classifiers, the SVM classifier outperformed the rest in terms of F-measure
regardless of the feature space. This may respond to the organization of samples in the feature
space, and the capacity of the Bayesian optimization on SVM to find a good separating hyperplane.
Moreover, the four classifiers employed in the test presented the highest level of accuracy on the
seven-dimensional PCA feature space. This combination of 7-D PCA feature space and the SVM
classifier should be considered when a final implementation. However, the hyperparameters for this
(and other classifiers) were fixed before training, and some optimization may allow finding a higher
level of performance for the distinct classifiers used in experiments.

On the other hand, the lowest level of accuracy was achieved on the one-dimensional feature
space, employing the ICA feature extraction technique without a feature selection method. This
evidences the need for a feature selection method when ICA is employed for finding new feature
spaces with independent spanning vectors. On the opposite, the highest level of accuracy for a
one-dimensional feature space was obtained with the MCFS channel selection, obtaining an F-measure
of 64.74 (0.07), with a single feature (L*) using the SVM classifier. This result suggests that the L*
color channel from the L*a*b* perceptually uniform color space is the feature that provides the highest
degree of separation between classes. The L* feature, combined with the other six features (R, G, B, b*,
H, and V), allows it to obtain a performance that is similar to PCA with the same seven features.

The results obtained in the experiments suggest some paths for further research. Future work
may include the use of distinct and more sophisticated algorithms for feature selection and extraction
that may be explored and combined to find the best combination for a particular application. Similarly,
other algorithms for classification may be tested in this configuration, such as those employing deep
learning and large data sets. Additionally, optimization techniques like particle swarm optimization or
evolutionary algorithms may be employed to find the best hyperparameters for the application.

On the other hand, information fusion techniques like classifier combination strategies may also
enhance the establishment of the decision borderlines between classes, with the inherent performance
increase. Finally, another kind of problem may benefit from feature extraction and selection techniques
in food engineering, like using multi- or hyperspectral sensors to measure the level of ripeness of Cape
gooseberry or any different type of fruit.
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Abstract: Expired dairy products are often disposed of due to the potential health hazard they pose
to living organisms. Lack of methods to recover valuable components from them are also a reason
for manufactures to dispose of the expired dairy products. Milk encompasses several different
components with their own functional properties that can be applied in production of food and
non-food technical products. This study aims to investigate the novel approach of using liquid
biphasic flotation (LBF) method for protein extraction from expired milk products and obtaining the
optimal operating conditions for protein extraction. The optimized conditions were found at 80%
concentration ethanol as top phase, 150 g/L dipotassium hydrogen phosphate along with 10% (w/v)
milk as bottom phase, and a flotation time of 7.5 min. The protein recovery yield and separation
efficiency after optimization were 94.97% and 86.289%, respectively. The experiment has been scaled
up by 40 times to ensure it can be commercialized, and the protein recovery yield and separation
efficiency were found to be 78.92% and 85.62%, respectively. This novel approach gives a chance
for expired milk products to be changed from waste to raw materials which is beneficial for the
environment and the economy.

Keywords: milk; protein; liquid biphasic flotation; dairy waste; recovery

1. Introduction

A large quantity of dairy waste is produced per annum in every country. Taking UK as an
example, a total of 330,000 tons of milk waste is produced annually with approximately 90% of the
total waste produced from homes. This is equivalent to 490 million pints nationwide or 18.5 pints
per household. Milk should be kept at the right temperature to prevent it from spoiling before the
expiry date. However, the typical household UK fridge operates at a temperature that is 2 ◦C warmer
than the recommended storage temperature of milk, which is between 0 and 5 ◦C [1]. This amount of
milk waste creates an environmental problem as it creates greenhouse gas emissions equivalent to
approximately 20,000 cars annually [2].

Milk contains approximately 87.4% of water and 12.6% of milk solids. Fats makes up 3.7% of
the 12.6% milk solids while the remaining 8.9% is 3.4% of proteins, 4.8% lactose, and 0.7% minerals.
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Of the proteins in milk, 80% is Casein and the remaining 20% is Whey protein [3]. Casein is chiefly
phosphate-conjugated and mainly consists of calcium phosphate-micelle complex. Whey protein
is a collection of a globular proteins with a high level of α-helix structure and the acidic-basic and
hydrophobic-hydrophilic amino acids are distributed in a fairly balanced form. Whey proteins have
substantial levels of secondary, tertiary, and quaternary structure. They are heat-labile stabilizing their
protein structure through intermolecular disulfide linkage [4]. The proteins in milk are considered to
be complete as they contain all types of essential amino acids in amounts that match the amino acid
requirements. They are used as a standard reference for proteins to compare with other food proteins
due to their high quality. Branched-chain amino acids contents such as valine, isoleucine, and leucine
in milk are also higher than many other foods [4].

Since the conventional technique for extracting bioactive compounds need longer extraction
time yet cost-consuming with complex scale-up, the liquid biphasic flotation (LBF) method was
proposed [5]. LBF system is an integration of the adsorptive bubbles floatation system, where the
biphasic system is supported with air bubbling to transport the biomolecules from one phase to another.
The surface-active compound of biomolecules present will be absorbed onto the surface of ascending
gas bubble and be brought from the bottom phase to the top organic phase [6]. LBF is formed by
combining an immiscible polymer and a salt solution. Addition of salt to water will cause segregation
of ions into their preferred water structuring [7]. Aqueous biphasic systems will occur when certain
solutes cause an aqueous solution to fully separate into two aqueous phases. The basic aqueous
two-phase system (ATPS) phasing strategy is based on the separation of proteins into one phase with
the contaminants being present in the other phase. The smaller biomolecules will be present mostly at
the bottom phase which also can be known as the salt-rich phase. Whereas proteins will be brought up
to the top phase [8]. Polarity is believed to play a role in the separation; molecules with lower polarity
will be partitioned to the top phase, while molecules with higher polarity will be partitioned to the
bottom phase. This aqueous liquid–liquid two-phase system is more widely used in the extractive
separation of labile biomolecules such as proteins. This system operates under mild conditions due to
the low interfacial tension between the two phases, achieving small droplet size, large interfacial areas,
and efficient mixing under very gentle stirring and rapid partition.

LBF is a well-known method for the separation, concentration, and purification of biological
material, particularly for protein, enzyme, and DNA [9]. Extraction using LBF is based on the separation
of biomolecules between the two aqueous phases [10]. Much work has been done by using LBF to
exploit and study the behavior of the aqueous rich phase and driving forces which will affect the
partitioning of biomolecules in the separation process. These systems were based on aqueous mixtures
of two incompatible polymers, such as polyethylene glycol (PEG), dextran, and/or maltodextrin [11].
Since then, many immiscible aqueous systems were found by using hydrophilic solutions. However,
other types of LBF, with components of different phase, had been focused on to increase the mass
transfer rates and the selectivity of certain biomolecules. Ionic liquids [12], inorganic salts, and
carbohydrates are three examples of solutes used in LBF [13]. These molecules were applied in the
separation or purification of a wide range of compounds, including proteins, enzymes, antibiotics,
organic acids, and many other bio- or synthetic molecules [13].

LBF is a very promising method, and it indicates a great potential for a wider usage in partitioning,
concentrating, and purification of labile biology products from natural sources or fermentation broths,
as well as in enzyme technology during industrial or laboratory production of enzymes. LBF is an
integration of the principles of ATPS but with additional bubbling action to enhance the separation of
biomolecules. This integration will utilize the adsorptive gas bubble separation technique in which the
biomolecules with surface-active sites in the bottom aqueous phase are selectively adsorbed onto the
surface of the ascending gas bubbles which are then collected in the immiscible top aqueous phase.
With this, water soluble biomolecules can be separated from their crude aqueous extracts [9].

A detailed study was made with aims to obtain optimal operating conditions for the extraction
of protein from expired milk using alcohol/salt LBF. The effect of milk concentration, type of salt,
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type of alcohol, concentration of salt solution, concentration of alcohol solution, pH, flotation time
along with a scaled-up LBF system were studied. Up to current date, no study has been made on
recovery of protein from expired milk using alcohol/salt LBF. Partitioning of the milk protein into
the alcohol phase through LBF using low-cost and recyclable phase forming components would lead
to a cost-efficient protein recovery process. Additionally, alcohol-salt LBF has a low viscosity, easier
constituent for recovery and short settling time. As such, this approach would enable the production
of milk protein to be economically feasible and sustainable. This study has led to a novel discovery of
liquid biphasic flotation application for protein extraction from milk waste with economic processes
that will be beneficial at the industrial scale.

2. Materials and Methods

2.1. Materials

Food grade alcohols of ethanol, 1-propanol, 2-propanol (R&M Chemicals, Selangor, Malaysia)
were used as the extraction solvents of proteins. Salts for the bottom phase that are utilized in this
study were ammonium sulphate [(NH4)2SO4], di-potassium hydrogen phosphate (K2HPO4), sodium
sulphate (Na2SO4), di-sodium hydrogen phosphate (Na2HPO4) and magnesium sulphate (MgSO4)
purchased from R&M Chemicals (Selangor, Malaysia). Bradford reagent was used to quantify protein
concentration in the two solutions (top phase and bottom phase) after the flotation. Bradford reagent
is also purchased from R&M Chemicals (Selangor, Malaysia).

2.2. Apparatus

Liquid biphasic flotation unit of 50 mL volume capacity was used as the separation system, and
it was obtained from Donewell Resources (Puchong, Selangor, Malaysia). A 50 mL glass tube was
connected from the bottom to a gas compressor. The bottom of the glass tube was drilled and fitted
with a rubber tube to be connected to the gas compressor. A sintered glass disk (Grade 4 (G4) porosity)
was fitted at the bottom of the glass tube so that air bubbles will be produced when compressed air is
passed through it. The flowrate of air supplied to the LBF system is controlled by using a flowmeter
(model: RMA-26-SSV) with a range of 50 to 200 cc/min (Dwyer, Michigan, IN, USA). The air compressor
is powered by plugging it into a wall socket. Figure 1 shows the schematic diagram of the LBF system.

Figure 1. Figure illustrating schematic diagram of LBF system.
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2.3. Preparation of Milk Samples

Expired milk was supplied by local producers (Dutch Lady) and was stored under room
temperature. The concentration of proteins in the milk was tested to be 13.64 mg/mL. The milk was
stored into a refrigerator at a temperature of 2 ◦C to reduce the effects of bacteria activity.

2.4. Protein Assay

The protein is determined by using Bradford Reagent. The dilution has been prepared with 10×
dilution with adding 2 mL reagent with 0.2 mL of either top or bottom solution and was incubated
for 10 min before the reading was tested using UV-Vis spectrophotometer at a reading wavelength
of 595 nm. The absorbance of the protein concentration was based on the calibration between BSA
concentration and OD595.

2.5. Protein Extraction Using LBF

A mixture of salt solution and expired milk was mixed and top up to 15 mL to be used as the
bottom phase of the experiment. 15 mL of pure alcohol was used as the top phase of the experiment.
After pouring the two solutions into the LBF system, the mixture was allowed to settle for 30 s so that
two layers of liquid can be formed inside the system. The flowmeter was set to 25 cc/min to allow
compressed air to flow into the system. Air was passed through the system for 10 min before closing
the flowmeter and allowing the system to settle for 5 min again. The top and bottom layer was pipetted
out from the glass tube and tested for their respective protein concentrations.

2.6. Optimization of LBF Operating Parameters

The operating parameters of LBF such as type of salt/alcohol, concentration of salt/alcohol/milk,
pH of the bottom phase, and the flotation time were investigated by one factor at a time (OFAT)
approach to maximize protein extraction and recovery. The optimization started with the initial
operating conditions which is 100% of 2-propanol, 20 g/L salt solution, 15% (w/v) milk solution, flotation
time of 10 min and the initial pH of the solution. The initial volume for both top phase and bottom
phase was kept at 15 mL each, and the experiment was carried out at room temperature. Table 1 shows
the parameters and variables tested for this experiment.
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2.7. Calculations of Recovery Yield and Separation Efficiency

Recovery yield (R) of proteins in the hydrophilic organic solvent phase was measured using the
following equation:

R =
CTVT

M
× 100%

where,
R is the recovery yield
CT is the concentration of proteins in the hydrophilic organic solvent phase
VT is the volume of the hydrophilic organic solvent phase
M is the total mass of proteins in the initial milk used
The separation efficiency from the milk to the top phase after LBF is calculated by the

following equation:

E =
CTVT

CTVT + CBVB
× 100%

where,
E is the separation efficiency
CT is the concentration of proteins in the hydrophilic organic solvent phase
VT is the volume of the hydrophilic organic solvent phase
CB is the concentration of proteins at the bottom phase
VB is the volume of the bottom phase

3. Results and Discussion

3.1. Effects of Different Types of Inorganic Salt in Protein Recovery Using LBF

The type of salts used for LBF is a key for protein extraction in this system as different salts induce
different interactions with the protein, causing the separation efficiency of the proteins to alter. This
is because salt solutions at the bottom phase are responsible of manipulating the surface tension of
water thus changing the hydrophobic interactions between proteins and water at bottom phase [14].
As a result, when the protein solubility is reduced, proteins will start to migrate to the top phase when
aided by flotation. It is reported that the Gibbs free energy of hydration of salt was the key to the
formation of a biphasic system between salt and alcohol solution [15].

This experiment was conducted by firstly determining the most suitable type of salt to be used to
obtain the best results and then changing the type of alcohol used. The types of salts used include
ammonium sulphate, dipotassium hydrogen phosphate, disodium hydrogen phosphate, sodium
sulphate, and magnesium sulphate. The results are illustrated in Figure 2. Dipotassium hydrogen
phosphate and disodium hydrogen phosphate show a higher efficiency followed by ammonium
sulphate and sodium sulphate in the descending order of 85.18%, 68.99%, 58.85%, and 53.81%,
respectively. Magnesium sulphate showed the lowest separation efficiency which is 50.10%. For
disodium hydrogen phosphate, the bottom phase forms salt crystals after flotation has been completed.
This is due to the volume of the bottom phase being reduced; thus, the salt is unable to be fully
dissolved in the remaining solution. Higher maintenance cost of the system is required if disodium
hydrogen phosphate were to be used as a medium to create the biphasic conditions of this system.

As for the protein recovery yield, dipotassium hydrogen phosphate exhibits a higher protein
recovery yield than all other salts, with a recovery yield of 29.997%. The lowest recovery yield of all
salt tested was ammonium sulphate, which has a recovery yield of 7.74%. The other salts, which are
disodium hydrogen phosphate, magnesium sulphate, and sodium sulphate, each has a recovery yield
of 20.33%, 16.04%, and 10.81% respectively. The recovery yield for dipotassium hydrogen phosphate is
significantly higher than that of disodium hydrogen phosphate. Taking into consideration the fact that
when disodium hydrogen phosphate is used, the bottom phase will form salt crystals after flotation,
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and the two results obtained, dipotassium hydrogen phosphate was chosen to be the inorganic salt
used in the following tests.

 

Figure 2. Figure showing the effect of different types of salts on the protein recovery yield and
separation efficiency using LBF system.

3.2. Effect of Different Types of Alcohols for Protein Recovery

The type of alcohol used for LBF plays an important role in the system as different types of alcohol
have different levels of interactions with the proteins, which will determine how much protein can the
system extract. The type of alcohol used also affects the formation of biphasic system with salt solution.
Many proteins are found to be non-compatible with the alcohol-rich top phase in the LBF process [16].
Some alcohols such as methanol will form triphasic solutions rather than biphasic solutions when
mixed with salt solution. The selection of the type of alcohol used is very crucial as it will affect the
overall performance of the system. In this study, ethanol, 1-propanol and 2-propanol of 100% were
selected to form a biphasic system with dipotassium hydrogen phosphate at a concentration of 20 g/L.

All three alcohols were found to successfully form a biphasic system with the dipotassium
hydrogen phosphate solution and the protein recovery yield for ethanol, 1-propanol and 2-propanol
found to be 42.00%, 13.23%, and 23.35%, respectively. Based on Figure 3, ethanol has outperformed
both 1-propanol and 2-propanol in terms of recovery yield, being almost two times the yield of
2-propanol and almost three times the yield of 1-propanol. In terms of separation efficiency, ethanol
also outperforms both 1-propanol and 2-propanol. The separation efficiency of ethanol, 1-propanol,
and 2-propanol is found to be 92.20%, 87.54%, and 90.56%, respectively. Alcohols usually contain a
carbon chain and a functional group (-OH); the difference between ethanol and the other two alcohols
is that ethanol has a shorter carbon chain, resulting in it having more ethanol molecules at the same
volume. This can be proven by dividing the density of the respective alcohol with its molar mass.
For example, the density of ethanol is 0.789 g/cm3 at 20 ◦C [17] and ethanol has a molar mass of
46.07 g/mol [18], this will result in ethanol a volume of 0.01715 mol/cm3. This is higher than 1-propanol
and 2-propanol as they have volumes of 0.01336 mol/cm3 and 0.01306 mol/cm3, respectively. The
density of 1-propanol and 2-propanol is 0.803 g/cm3 [19] and 0.785 g/cm3 [20], respectively at 20 ◦C
while their molar mass is 60.096 g/mol [21] and 60.1 g/mol [22], respectively. This difference will result
in the protein molecules being able to interact more with the alcohol molecules and not settle back to
the bottom phase after flotation. Additionally, the high recovery yield and separation efficiency in
ethanol could be because of high polarity of the alcohol compared to the other two alcohols used. High
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hydroxyl group in ethanol could allow more protein to be accumulated at the top phase thus, giving
high recovery yield [23]. Due to the above reasons, ethanol is chosen to carry out the following tests.

Figure 3. Effect of various types of alcohols on protein recovery yield and separation efficiency using
LBF system.

3.3. Effect of Different Concentration of K2HPO4 Salt on the Recovery of Proteins

The concentration of salt used for the bottom phase is also optimized in this study. Varying salt
concentrations have been used in the separation of proteins. When dipotassium hydrogen phosphate
concentration is increased from 150 g/L to 350 g/L, the volume of top phase showed a decreasing trend
while the volume of bottom phase showed an increasing trend. More proteins are retained in the
lower phase.

From Figure 4, the highest protein recovery yield is exhibited by a salt concentration of 150 g/L,
with a yield of 46.83%, while the lowest yield was obtained from a salt concentration of 350 g/L, with a
yield of 37.14%. At salt concentration of 200 g/L, 250 g/L, and 300 g/L, the recovery yield of proteins
is 45.01%, 39.36%, and 44.96% respectively. When increasing the salt concentration, the yield shows
a decreasing trend due to more proteins being denatured when exposed to higher concentrations
of salts. Thus, the lowest concentration of salt to form a biphasic solution should be obtained [24].
As for the separation efficiency when salt concentration is altered, the separation efficiency shows a
decreasing trend when the salt concentration is increased. This is also due to the proteins in the milk
being denatured by the salts when the solution is mixed together. Due to the above reasons, a salt
concentration of 150 g/L was used for the following tests.
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Figure 4. Figure illustrating effect of various K2HPO4 concentrations on protein recovery yield and
separation efficiency using LBF system.

3.4. Effect of Different Concentrations of Ethanol on the Recovery of Proteins

The concentration of alcohol used will also affect the overall performance of the LBF system. Thus,
the next parameter to be optimized is the concentration of alcohol. Various concentrations from 60% to
100% of ethanol were tested by using 15% (g/L) dipotassium hydrogen phosphate. As shown in Figure 5,
80% (W/V) shows the best recovery yield of 77.30%, followed by 70% of ethanol concentration which
shows a yield of 54.50%. Concentrations of 60%, 90%, and 100% show 45.88%, 46.30%, and 41.48%
yield, respectively. The protein recovery yield increases when the ethanol concentration increases,
however when the alcohol concentration exceeds a certain point, the protein recovery yield starts to
reduce. This is because the formation of the biphasic layers is weak when the concentration of alcohol
is low. This result follows the trend in the previous study on protein recovery of wet microalgae using
LBF where the highest protein recovery was obtained at 60% of 1-propanol, and the recovery yield
decreased when the concentration of alcohol reduced below 40% [25]. These phenomena are due to the
concentration of alcohol decreasing; more hydrophilic proteins can be dissolved into the top phase
when the proteins are brought up by flotation air bubbles. However, when the concentration of alcohol
decreases, the water at the top phase tends to migrate down to the bottom phase of the LBF system [16].

In terms of separation efficiency, ethanol solution with 80% concentration also has the highest
separation efficiency, being at a value of 93.82%. The separation efficiency is followed by a pure ethanol
solution which has a value of 90.59%. Values for 60%, 70%, and 90% are 69.16%, 54.17%, and 84.60%,
respectively. The high value obtained at 80% of ethanol could be contributed due to cluster formation
of ethanol. The number and size of the clusters strongly depend on the number of hydrogen bonds,
and at higher concentration of ethanol, the cluster size is higher, which contributed to higher recovery
of protein. Generally, ethanol has maximum viscosity of 75% to 80%, thus, this supports the high
recovery of protein and separation efficiency. This indicates that at 80% of ethanol concentration, more
proteins can be separated from the bottom phase which is the main point of this study. Therefore, 80%
concentration ethanol solutions will be used in the following optimizations.
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Figure 5. Figure showing effect of various concentrations of ethanol on protein recovery yield and
separation efficiency using LBF system.

3.5. Effect of Various Concentrations of Milk

In this section, the effect of milk concentration of the bottom phase of the LBF system was studied.
The concentration of milk may pose a potential effect on protein extraction by affecting the formation
of the biphasic system, indicating that the concentration of milk used for extraction will have an impact
on the yield of proteins recovered [26]. Milk with concentrations of 5% (w/v), 10% (w/v), 15% (w/v),
20% (w/v), and 25% (w/v) mixed along with dipotassium hydrogen phosphate solution with 150 g/L
concentration were tested to investigate the effects of milk concentration on protein recovery. The
highest protein yield obtained is at 10% (w/v), closely followed by 5% (w/v), which has the values of
93.96% and 93.75%, respectively. At 25% (w/v), the recovery yield of proteins is the lowest, having
a value of 50.98%. At 15% (w/v) and 20% (w/v), it has values of 89.77% and 64.74%, respectively.
According to Figure 6, it was observed that the concentration of milk has increased from 5% (w/v) to
10% (w/v), the recovery yield has only increased slightly; however, when the concentration is further
increased, the yield starts to drop significantly, especially from 15% (w/v) to 20% (w/v), with a total
drop of more than 25% protein yield. This is due to the fact that when a high concentration of milk
is used, the salt solution mixture tends to form a liquid of which its high viscosity will result in the
formation of flotation bubbles to be too difficult to control. By increasing the concentration of milk
used, the performance of the LBF would be reduced as the level of impurities within the solution will
also increase. The overall composition of the bottom phase will be altered as there is a lot of impurities
in the milk [16,27]. In terms of separation efficiency, however, the highest value obtained is 94.02%,
which is achieved by 25% (w/v). The separation efficiency gradually increases as the concentration is
increased, starting from 5% (w/v), the separation efficiency was found to be 72.62%, 87.14%, 90.96%,
and 92.59%, respectively. Due to the higher separation efficiency, 10% (w/v) of milk concentration was
selected to carry on the following tests.



Processes 2019, 7, 875

Figure 6. The effect of different concentrations of milk on the protein recovery yield and separation
efficiency utilizing LBF system.

3.6. Effect of pH on the Recovery of Proteins

Impact of pH partitioning of proteins and enzymes to the phases in the LBF system depends on
their isoelectric points. The pH of the system, however, affects the charge of target protein molecules
and ionic composition, as well as introduces differential partitioning into the two phases. Most of the
biomolecules, especially proteins and enzymes, are stable at neutral pH, which is a favorable condition
to conduct the LBF partitioning. However, an increase in pH of the LBF from 7.0 to 9.0 reduced the
protein recovery and activity recovered. Enzyme stability is slightly reduced in the acidic area except
at the lowest pH and was dramatically lost at pH above 9.0. This dependence on pH for optimal
protein recovery can be explained in terms of the charge in the protein. The protein in the LBF is
predominantly casein. From the literature, isoelectric point of casein is 4.6, and since the pH of milk is
6.6, casein molecules are positively charged due to the protons provided by the milk medium. Given
that the formula for pH is pH = −log[H+], where H+ is concentration of hydrogen ions, a pH of 7 to 8
in the system (see Figure 7 corresponds to a negatively charged medium. With a positive charge, the
casein molecules are thus hydrophobic, making them less soluble in water. Given that bubbles are
used to push the particles up to the top phase and that the casein molecules are positively charged, the
surface charge on the bubbles plays a vital role in the protein extraction efficiency. In particular, the
charge of the casein and the surface charge of the bubble will be responsible for the adsorption of the
protein molecule to the bubble surface. In order for the protein molecules to be attached to the bubble
surface, the charge of the bubble surface must therefore be negative.
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Figure 7. Figure showing the effect of pH system on protein recovery yield and separation efficiency.

To understand the mechanics behind the adsorption of the bubbles, we have developed a
mathematical model with the use of partial differential equations (PDEs).

The region of interaction in our model is constructed using the same approach as the Lamm
equations (Lamm O., 1929), which is to divide the volume of the container into sector-shaped cells.
With reference to Figure 8 consider a region R in a sector-shaped cell within the chamber of the flotation
system. Let M, Min, and Mout be the mass of solute inside R, the mass flow into R, and the mass flow
out of R, respectively. By the principle of conservation of mass,

∂M
∂t

=
∂Min
∂t
− ∂Mout

∂t
(1)

Figure 8. Region of collision of the protein particles against the bubbles, R.

Flux j is defined as the number of bubbles passing though an area A per unit time. Assuming no
diffusion, i.e., only convection,

j = σs (2)

where σ and s are the density and velocity of the bubbles respectively.
Putting Equation (2) into (1) gives

∂σ
∂t

= −∇·J. (3)
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The bubbles are assumed to move into the region R, resulting in a negative ∇· j, and the negative
sign is to make it positive.

Integrating,
∂
∂t

∫ h1

h0

σ(h, t)A(Ωh)dh = −
∫ h1

h0

∂
∂h

[ j(h, t)A(Ωh)]dh (4)

where σ(h, t) and j(h, t) are density and magnitude of flux of bubbles respectively, A(Ωh) is the area
in the top and bottom surfaces of the region R (see Figure 1), and cylindrical coordinates are used:
r =

√
x2 + y2, φ =

y
x , h = z.

From Sminov and Berry (Smirnov et al., 2015), the velocity of the bubble is given by

s =
2dgrb

2

9ν
(5)

where g is the free fall acceleration, d is the density difference for liquid and air inside bubbles or the
liquid density, rb is the radius of bubble, ν is the liquid viscosity.

From previous work (Lin YK, 2015), the number of bubbles that can be adsorbed to the surface of

a bubble, Np, is given by Np = π
(

rb
rp

)2
where rp is the radius of the particle.

For maximum adsorption, the number of particles in the region R must be π
(

rb
rp

)2
times the number

of bubbles in the same region R, and assuming a very small R, all bubbles that go into the R will collide
with all particles that go into R.

From Equation (4), substituting A(Ωr) = hφr and rearranging gives

∫ h1

ho

hφr
∂σ
∂t

+
∂σ
∂r

(hφrj)dh = 0 (6)

From Equation (4), ∫ z1

z0

∂
∂t
[σ(z, t)A(Ωz)] +

∂
∂z

[ j(z, t)A(Ωz)]dz = 0. (7)

Putting Area = rφ(r1 − r0) into Equation (7) and integrated w.r.t. z gives

rφ(r1 − r0)
∂
∂t
σ(z, t) + rφ(r1 − r0)

∂
∂z

j(z, t) = 0

Rearranging, we have
∂
∂t
σ(z, t) +

∂
∂z

j(z, t) = 0 (8)

Putting j(z, t) = σs into Equation (8) yields

∂
∂t
σ(z, t) +

∂
∂z

(σs) = 0

∂
∂t
σ(z, t) + s

∂
∂z
σ(z, t) + σ(z, t)

∂
∂z

s = 0 (9)

Given that s = 2dgrb
2

9ν , we can take d ≈ ρ. We know that

P = ρgh (10)
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where P is pressure of fluid, which is equal to the pressure in the bubble, ρ is density of fluid, g is
acceleration due to gravity, and h is height. From Sminov and Berry,

P = Pex +
2α
rb

(11)

where Pex is exteral pressure acting on liquid, α is the surface tension and is a constant, and rb is the
radius of the bubble. Combining Equations (10) and (11) gives:

rb =
2α

ρgh− Pex
(12)

where Pex is the pressure of air in the room (most likely atmospheric pressure, 1 atm).
Putting Equation (12) into Equation (6) gives:

s =
2ρg

(
2α

ρgh−Pex

)2

9ν
=

8ρg
9ν

(
α

ρgz− Pex

)2

= f (z) (13)

where, h = z.
Putting (13) into (9) gives:

∂
∂t
σ(z, t) +

8ρg
9ν

(
α

ρgz− Pex

)2
∂
∂z
σ(z, t) − 16(ρg)2α2

9ν(ρgz− Pex)
σ(z, t) = 0 (14)

∂
∂t
σ(z, t) + f (z)

∂
∂z
σ(z, t) + σ(z, t)

d
dz

f (z) = 0 (15)

f (z)σ(z, t)z + σ(z, t)t + F(z)σ(z, t) = 0 (16)

where, F(z) ≡ d
dz f (z).

To solve Equation (16), Laplace transform is applied to Equation (16), giving

f (z)σz(z, s) + sσ(z, s) − σ(z, 0) + F(z)σ(z, s) = 0

f (z)σz(z, s) + [s + F(z)]σ(z, s) − σ(z, 0) = 0 (17)

Since σ(z, 0) = 0, Equation (17) becomes

f (z)σz(z, s) + [s + F(z)]σ(z, s) = 0 (18)

To solve Equation (18), we divide Equation (18) by f (z) to give

σz(z, s) +
s + F(z)

f (z)
σ(z, s) = 0 (19)

Multiplying Equation (19) with integrating factor e
∫ s+F(z)

f (z) dz yields

d
dz

[
eq(z,s)σ(z, s)

]
= 0 (20)

where,

q(z, s) =
9sν

8ρgα2

(
ρ2g2z3

3
− ρgz2Pex + (Pex)

2z
)
+ lnln

∣∣∣∣∣∣∣
8ρgα2

9ν(ρgz− Pex)
2

∣∣∣∣∣∣∣ (21)

Integrating Equation (20) gives
σz(z, s) = CeQ(z,s) (22)
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where C is a constant, and Q(z, s) = q(z, s)−1. Transforming Equation (22) from the s domain back to
the t domain yields

L−1
{
σz(z, s)

}
= σz(z, t)

= δ
[
t− 9ν

8ρgα2

(
ρgz2Pex − (Pex)

2z− ρ2 g2z3

3

)
− lnln

∣∣∣∣∣ 8ρgα2

9ν(ρgz−Pex)
2

∣∣∣∣∣
] (23)

From Equation (23), for the bubbles to hit all protein molecules, a sufficient amount of time is
required. In particular, the Dirac delta function in Equation (23) indicates that for maximum protein
extraction, t ∼ O

(
z2

)
. Thus, with a uniform distribution of bubble holes at the bottom of the chamber,

the time it takes to collect all molecules increases as the square of the height of the chamber. This
explains the increasing amount of time required for higher protein collection in Figure 9, which shows
both the theoretical and experimental data. It can be seen from this figure that the experimental data is
in agreement with the theoretical data for flotation time less than 8 min. The reduction in yield after 8
min can be attributed to the lack of protein in the system after prolonged extraction.

 
Figure 9. Figure illustrating the effect of flotation time on protein recovery yield and separation efficiency.

Besides allowing for a better understanding of the mechanism behind the system, this model also
serves to provide some insights on design of efficient flotation systems at industrial scale. In particular,
since it has been mathematically shown that an increase in height of the chamber drastically increases
the flotation time, future chambers of flotation should preferably be as low as industrially viable.

The effect of pH has been studied by altering the pH of the bottom phase by using 1M hydrochloric
acid. The initial pH of the bottom phase is 9.15, the tested pH is 6.5, 7.0, 7.5, and 8.0. The acid is
added drop by drop until the bottom phase reached the desired pH with the aid of a pH meter. The
highest recovery yield of proteins is obtained by the solution to which hydrochloric acid has not been
added, which is the solution with a pH of 9.15. The recovery yield of the solution with this pH is
at 93.96%, surpassing the second highest, which is a pH of 8.0 with a value of 65.71%, by more than
28%. The other three pH, being 6.5, 7.0, and 7.5, each has a recovery yield of 61.45%, 60.37%, and
62.33%, respectively. The big difference in yield is caused by the hydrochloric acid used to alter the pH
having denatured the proteins, thus greatly reducing the yield of the LBF [24]. As the acid was added
drop by drop, each time a drop of acid hits the surface of the bottom phase, the extreme pH of the
acid will denature some of the proteins at the bottom phase before being diluted by the rest of the
solution at this phase. This results in the big difference in the recovery yield when comparing between



Processes 2019, 7, 875

a bottom phase of pH 9.15 and 8.0; this is also why the difference in recovery yield between pH 8 and
pH 6.5 does not show a big difference when compared with 9.15 and 8.0. The separation efficiency
increases when the pH is changed from neutral to 6.5, which is from 85.59% to 86.21%. At a pH of 7.5,
the separation efficiency is the highest which is at 97.18%. The separation efficiency of pH 8.0 and
9.15 is 94.33% and 87.14%, respectively. Due to the above reasons, the following test was conducted
without altering the pH system.

3.7. Effect of Flotation Time on the Recovery of Proteins

The duration of the flotation process being conducted is very important as it could cause a major
impact on the area of air–water interface per unit volume of aqueous solution in time [27]. Flotation
times of 5, 7.5, 10, 12.5, and 15 min are tested for this study. The highest recovery yield of proteins is
obtained when the system is run for 7.5 min, having a yield of 94.97%, closely followed by a flotation
time of 10 min having a yield of 93.96%. With a flotation time of 5, 12 and 15 min, the yield is 85.03%,
63.76%, and 63.24%, respectively. The yield of proteins obtained shows an increasing trend when
the flotation time is increased; however, it starts to decrease when the flotation time exceeds 10 min.
This is because molecules other than proteins is being blown to the top phase, causing the overall
concentration of the proteins at the top phase to be reduced. This is proven as the volume of the bottom
phase shows a decreasing trend when the flotation time is increased, decreasing from 4 mL for 5 min
flotation time to 2.5 mL for 15 min flotation time. In terms of separation efficiency, the values show a
general increasing trend, but the increase in efficiency is only by a small amount, starting from 5 min
flotation time, the separation efficiency is 85.58%, 86.29%, 87.20%, 88.64%, and 88.46%, respectively.
Due to the reasons stated above, a flotation time of 7.5 min is taken to be optimum for this study. In
general, the recovery of protein from the beginning of the experiment is low, however; it increases as
the optimization is carried out. The low in recovery may be due to high contamination of bacteria that
could affect the recovery of protein.

3.8. Effect of Scaling up LBF for Industrial Application Purposes

For industrial reasons, this experiment was tested again under large scale conditions. The
experiment was scaled up by 40 times (from 30 mL to 1.2 L), and the results show that this experiment
is suitable to be scaled up, with a recovery yield of more than 70% and a separation efficiency of more
than 80%. This indicates that LBF is suitable to be commercialized as a method to separate proteins
from expired milk wastes.

In this study, several parameters and their impacts on the LBF system have been studied by using
the one-factor-at-a-time approach. Given that there might be a possibility that there will be interaction
effects between several parameters, further studies on interaction factors such as milk concentration
and flotation time could have a high chance of further optimizing this process. There is also a need to
further improve this method so that protein recovery rate may be increased. An air compressor that
can achieve higher and more accurate flowrates can be used in future LBF experiments. Furthermore,
different types of gases can be used in replacement of atmospheric air for flotation. Different types
of gases may help to bring up proteins or have other interactions with proteins that can improve
the protein recovery yield. Thus, the effects of different types of gases such as pure oxygen or pure
nitrogen can be tested to improve the recovery yield of the protein. Besides, the liquid used as top
phase can be changed to different materials as using large amount of alcohol in industrial scale is a
safety hazard. Alternative materials such as other organic solvents can be considered as an alternative
to alcohol. Another aspect that is worth mentioning is the brand of milk used. As each brand of milk
has a different formula for the milk they produce, changing the brand of milk used may also improve
the protein recovery yield as there might be some components in milk from other brands that help in
protein separation. Moreover, milk of different expiry dates can also be tested as well, as the level of
microorganisms inside the milk may differ as time progresses. Further studies can be carried out by
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comparing milk of different expiry dates and some milk that is close to their expiry date so that the
effects are clear.

4. Conclusions

The parameters for protein extraction from expired dairy products were optimized in this study.
The effects of the type of inorganic salt used, the type of alcohol used, the concentration of salt used,
the concentration of alcohol used, the concentration of raw material (milk) used, pH of the bottom
phase, and the flotation time of the LBF system were discussed. The optimum conditions for protein
extraction from dairy wastes tested in this study were found to be 150 g/L dipotassium hydrogen
phosphate, 80% of ethanol, 10% (w/v) milk, a pH system of 9.15 (initial pH), and a flotation time of
7.5 min. The final protein recovery yield and separation efficiency after optimization were 94.97% and
86.29%, respectively. A scaling up of the LBF system was also performed at a factor of 40 times, and the
protein recovery yield and separation efficiency for this test were 78.92% and 85.62% respectively. This
study showed that proteins can be extracted from dairy waste effectively. The advantages of this novel
approach include providing a use for expired milk products, reducing wastes being thrown away and
benefiting the environment, and turning waste that once needed money to be disposed of into a raw
material that can provide profit. Additionally, the utilization of high concentration of alcohol and salt
will help inhibit further contamination by bacteria as they cannot survive in high alcohol and salt
concentration environments. The concern with environmental impact due to high salt and alcohol
concentration can be avoided by studying the recycling ability of the phase components. Studies have
shown that there is a great potential to reuse recycling phase components in the subsequent extraction
of LBF. Future studies on the interaction of parameters and methods for recycling the top and bottom
phases after separation will provide a great opportunity for future industries to apply this method as a
waste treatment process.
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Abstract: Global warming due to the emission of carbon dioxide (CO2) has become a serious problem
in recent times. Although diverse methods have been offered, adsorption using activated carbon
(AC) from agriculture waste is regarded to be the most applicable one due to numerous advantages.
In this paper, the preparation of AC from rubber-seed shell (RSS), an agriculture residue through
chemical activation using potassium hydroxide (KOH), was investigated. The prepared AC was
characterized by nitrogen adsorption–desorption isotherms measured in Micrometrices ASAP 2020
and FESEM. The optimal activation conditions were found at an impregnation ratio of 1:2 and
carbonized at a temperature of 700 ◦C for 120 min. Sample A6 is found to yield the largest surface area
of 1129.68 m2/g with a mesoporous pore diameter of 3.46 nm, respectively. Using the static volumetric
technique evaluated at 25 ◦C and 1.25 bar, the maximum CO2 adsorption capacity is 43.509 cm3/g.
The experimental data were analyzed using several isotherm and kinetic models. Owing to the
closeness of regression coefficient (R2) to unity, the Freundlich isotherm and pseudo-second kinetic
model provide the best fit to the experimental data suggesting that the RSS AC prepared is an
attractive source for CO2 adsorption applications.

Keywords: rubber-seed shell; activated carbon; CO2 adsorption; isotherms; kinetics modeling

1. Introduction

With the fast escalation of the overall industrialization and population in many countries,
the utilization of energy is exclusively expending. Presently over 85% of the international energy
requirement is being financed by the burning of fossil fuels [1]. The reasons for this dependence on
energy sources are a result of instinctive energy density, supply, and dependency of modern society on
the procurement and exchange of these resources. Fossil fuels will still dominate in the predictable
future, primarily in power production and industrial manufacturing. The utilization of these fossil
fuels, especially in electricity generation, residentiary, transportation, and industrial area discharges
massive amounts of carbon dioxide (CO2) into the atmosphere, and thus upsets the carbon balance of
our planet, which has been stable over millions of years. Although anthropogenic emissions of CO2

can be considered comparatively limited related to the natural carbon changes such as photosynthetic
fluxes, its escalation has distinct impacts on the global climate over a very short duration of time.
The concentration of CO2 in the atmosphere recorded in December 2018 has increased from 280 to
408 ppm since the beginning of the industrial revolution [2]. The rise of CO2 concentration dominates
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the balance of incoming and outgoing energy in the earth’s atmosphere. Hence, CO2 has often been
pointed out as the main anthropogenic greenhouse gas (GHG) as well as the leading offender in
climate change. Due to this serious environmental problem, there is pressure all over the world to
address this issue. International agreement known as the Kyoto protocol was reached and signed by
192 nations under the United Nations Framework Convention on Climate Change (UNFCC) to limit
GHG emissions of industrialized nations by 5.2% [3]. Despite Malaysia contributing 0.2% in global
greenhouse gases emissions [4], the increment of CO2 emission is not to be taken lightly, because the
continuous increase of the CO2 rate to the surroundings can cause global warming as well as affect
human health due to long term exposure to high concentrations of CO2 in the future.

Many CO2 capture technologies are proposed and being investigated these years, including chemical
and physical adsorption, cryogenic separation, and membrane separation [5,6]. At the time being, chemical
absorption (scrubbing), utilizing amine-based solvents, is the most considered technology used in
industries. Although it is viewed as the most practical technology for CO2 capture in post-combustion
processes and has been used for more than 60 years, its application brings some negative impact, such
as equipment corrosion, it requires high absorber volume, and is harmful to human health. In addition,
this method of CO2 separation is energy consuming and expensive as it requires large amounts of
low-pressure steam for adsorbent regeneration [6,7]. Among the viable technologies for CO2 capture,
adsorption using solid material is chosen due to low energy prerequisites, low essential and running
cost, including controlled waste generation. Due to its diverse benefits, such as economical, accessible
for regeneration, indifferent towards the moisture, high CO2 adsorption uptake at ambient situation,
high specific surface area, high mechanical durability, sufficient pore size distribution, as well as low in
energy needed, [8] activated carbon (AC) is one of the up-and-coming solid adsorbents that can be
employed to capture CO2. Based on the advantages by AC, it has been extensively engaged in different
utilizations including in gas and liquid phases. The capability of AC in CO2 occupation also depends
on several criteria such as the nature of the activating method and the quality of starting materials,
which in turn alters the surface chemistry and porosity and of the synthesized AC [8–10].

Many researchers have investigated the manufacture of low-cost adsorbents from inexhaustible
and economical precursors, which are mainly industrial and agricultural derivatives ranging from
palm kernel [11], banana peel [12], coconut shell [13], doum seed coat [14], walnut shell [15], etc.,
and their findings are quite conclusive. Meanwhile, rubber plantations in Malaysia have increased ever
since the year 2010. The increase of rubber plantations have led to the increase in rubber production.
Apart from producing latex, rubber seeds with hard shells were produced at the same time. It is
estimated that about 800 to 1200 kg of rubber seed per ha per year is produced in a rubber plantation.
The increase of rubber seed is causing significant environment and disposal problems [16]. To reduce
the waste disposal issue, the rubber-seed shell (RSS) is proposed to be used as AC for CO2 capture,
since there is limited research on its preparation, and to address the problems.

In this study, a chemical activation method by potassium hydroxide (KOH) was selected due to
its numerous advantages over physical activation methods and favorable conditions compared to
other chemical activating agents. The research study was set in the direction towards evaluating the
potential of using RSS as AC material in the removal of CO2. Since chemical activation was adopted in
this study, impregnation ratio (IR), temperature (Tact), and activation time (tact) would be the main
factors affecting the extent of reaction. Therefore, these parameters were also investigated to evaluate
the effects of operation conditions on pore advancement of AC prepared from RSS. Samples with
the highest surface area are preferred to examine on the performance of CO2 adsorption at ambient
pressure and temperature. In addition, the CO2 adsorption isotherm is evaluated through several
models, such as Langmuir, Freundlich, and Temkin. Lastly, the kinetic property of the sample with the
highest adsorption capacity of purified CO2 is evaluated using the pseudo-first order, pseudo-second
order, and Elovich kinetic models.
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2. Materials and Methods

2.1. Materials and Pre-Treatment

The raw RSS is collected from the Rubber Industry Smallholders Development Authority (RISDA)
rubber plantation located at Chemor, Perak. It is then washed using distilled water to remove impurities
and dried overnight in an oven at 110 ◦C to remove surplus water content. Once dried, the RSS is
crushed and pulverized and then sieved into a particle size of 250 μm and stored in airtight plastic
containers for further use. All chemicals were of industrial reagent grade and acquired from R & M
Chemicals supplier located at Semenyih, Selangor.

2.2. Activation and Carbonization

The RSS prepared was impregnated by mixing it with a desired ratio (1:1, 1:2, and 1:3) of KOH
based on the weight of the dry sample. The mixing and impregnation processes were allowed to
sit for overnight to ensure complete reaction takes place between the chemical reagent and raw
material. The impregnated material was then carbonized in a fixed bed activation unit with heating
temperature ranging from 400, 500, 600, 700, 800 to 900 ◦C and activation time between 60 and 120 min.
The one-factor-at-a-time (OFAT) method was adopted in this study so that reduction of sample is
achievable; it is a method of designing experiments involving the testing of factors one at a time instead
of all simultaneously. Throughout the process, N2 gas, which acts as the carrier gas and promotes the
pore formation in RSS [17], was allowed to flow in the rotary kiln. After the heat treatment, the material
was left to cool to room temperature and subsequently washed with distilled water to discard the
excess KOH solution and ash. The AC sample produced was preserved in an oven for overnight at
90 ◦C and kept in a desiccator to prevent moisture.

2.3. Characterization

To investigate the best operating parameter for producing AC from RSS, several analytical
equipments were employed. To investigate the morphology surface structure, a Zeiss EVO-50 Field
Emission Scanning Electron Microscope (FESEM), model Supra 55 VP acquired from Zeiss Jena,
Germany, is used to compare the structural images of RSS before and after activation by generating
real space enhanced images of its surface. In addition to the standard electron microscope detectors,
the instrument is also furnished with Energy Dispersive X-ray (EDX) Spectroscopy for elemental
analysis investigation.

For specific surface and porosity analysis, Micrometrics ASAP 2020 is used to determine the
surface area (SBET), pore size distribution (D), and the total pore volume (VT) through nitrogen
adsorption–desorption isotherms analysis. N2 (99.9% purity) gas is applied as adsorbate and the
condition was allowed to flow at 350 ◦C for 2.5 h [16]. The specific surface area of the AC samples is
determined using the Brunauer–Emmett–Teller (BET) method using nitrogen adsorption isotherm data
tabulated from a computer.

2.4. CO2 Adsorption Capacity Analysis

CO2 adsorption analysis were carried via purified CO2 (99.98% purity and supplied by Linde
Malaysia Sdn. Bhd.) volumetric adsorption method using High Pressure Volumetric Analyzer (HPVA II)
supplied by Particulate System. To ensure all impurities were removed from the samples, about
0.5 g of AC was inserted inside a 5 cm3 sample glass cylinder and degassed at 170 ◦C for 8 h under
vacuum. A 60 μm filter gasket was then planted on top of the sample cylinder, to avoid the fine
particles from entering the valve [17]. After completion of the degassing step, the samples were cooled
to ambient temperature and prepared for adsorption studies. The CO2 adsorption process was started
by introducing the gas adsorbate (CO2) into the system. This is accomplished by granting the valve
between the loading and sample cylinder to open and allow the CO2 to interact with the AC material.
To ensure equilibrium of the adsorption process, the holding time at each pressure interval was fixed at
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45 min. By taking the differences between the amounts of dosed gas into and the amounts of gas staying
in the system upon adsorption process, the volumetric CO2 sorption capacity during experimental
run was calculated [18]. For isotherm studies, using the resulting points of volumes adsorbed at
equilibrium pressures, several isotherm models such as Langmuir, Freundlich, and Temkin [19] were
plotted and fitted to experimental data to find suitable representation of adsorption process of RSS
based AC. The suitability of the above-mentioned models is assessed by R2 values that are close to
unity. Table 1 outlines the non-linear and linear equations of these three models.

Table 1. Model isotherm equations.

Isotherm Non-Linear Equation Linear Equation

Langmuir qe =
qmkLPe
1+kLPE

Pe
qe

= 1
qm

Pe +
1

kLqm

Freundlich qe = kFP
1
n log qe =

1
n log Pe + log kF

Temkin qe = B (ln kTPe) qe = B ln Pe + B ln kT

Pe is equilibrium pressure (bar); qe and qm are the amount capacity of CO2 adsorbed at equilibrium and at maximum,
respectively (cm3/g); kL is the Langmuir constant (1/bar); kF (cm3/g·bar1/n) and n is the Freundlich constant; B = RT/bT;
bT (J/mol); and kT (cm3/g·bar) is the Temkin constant.

2.5. Kinetic Studies

CO2 adsorption kinetics of KOH impregnated RSS AC are desirable to evaluate the accomplishment
of sorbents and to understand the overall mass transfer in the CO2 adsorption process. In addition,
it served as baseline to predict CO2 adsorption/desorption kinetics for the rational simulation and
design of gas-treating systems. In this study, the usefulness of Lagergen’s pseudo-first order model,
pseudo-second order model, and Elovich model approaching the experimental values using purified
CO2 adsorption at 25 ◦C is examined. The compliance of the predicted adsorption capacity was
evaluated by the magnitude of coefficient regression R2 closeness towards unity.

2.5.1. Pseudo-First Order Kinetic Model

The linearized Lagergen’s pseudo-first order model was the first adsorption rate equation depicted
for sorption of a liquid/solid system and one of the most frequently used adsorption rate models. It is
expressed by the equation below [19,20]:

log(qeq − qt) = log qe − k1
2.303

t, (1)

where qeq and qt are the amount of adsorption at equilibrium and at that particular time t, respectively.
It has the unit of mg/g. k1 represents the rate constant for pseudo-first order adsorption. A linear plot
will be obtained from the graph when this model is applicable. In addition, the slope and interception
point of the plot can be used to determine pseudo-first order parameters.

2.5.2. Pseudo-Second Order Kinetic Model

The pseudo-second order model is expressed by the equation as follows [19,20]:

t
qt

=
1

k2qe2 +
1
qe

t, (2)

where qe and qt are the amount of adsorption at equilibrium and at that particular time t, in mg/g,
respectively. k2 represents the overall rate constant for pseudo-second order adsorption with the unit
of g/mg min. Similar to first order, a linear plot will be achieved from the graph of t/qt versus time,
t when it is applicable.
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2.5.3. Elovich Kinetic Model

Elovich kinetic model is usually used in a gas–solid system and is expressed by [19,20]:

dqt

dt
= α exp(−βqt) (3)

where qt is the amount of CO2 adsorbed in mg/g at a particular time, t. α represents the initial adsorption
rate in mg/g min, while β is the extent of surface coverage in g/mg and the process activation energy.

3. Results and Discussion

3.1. Elemental Composition Analysis

Aside from examining the surface morphology of the samples, FESEM is also furnished with
Energy-Dispersive X-ray (EDX) spectroscopy for detecting the elemental composition. Table 2 below
shows the corresponding elemental content before and after activation. Two main elements were
detected on the samples before activation, which are carbon and oxygen. It was described in specific
that the acceptable range of carbon presence should lie between 40 and 80% [17]. The result shows
that RSS fulfills the criteria of producing AC. It was found that the percentage of carbon content has
escalated after carbonization and activation due to the release of more volatile matter during the
process. An additional element identified as potassium was detected in the sample after activation.
Presence of potassium element is as a result the use of KOH as chemical activating agent during
the activation process. Repetitive washing can greater reduce the potassium element, but complete
elimination is hardly possible. Calcium content in RSS is expected and considered normal as the RSS is
rich in protein, minerals, and amino acid. Eka et al. [21] has mentioned this in a report that rubber seed
has a low content of calcium.

Table 2. Comparison of elemental composition.

Elements
Before Carbonization (RAW) After Carbonization (A6)

Weight % Atomic % Weight % Atomic %

Carbon 50.8 59.2 56.6 65.0
Oxygen 44.4 39.4 27.3 21.7

Potassium - - 12.5 8.3
Calcium 4.8 1.4 3.6 5.0

Total 100 100 100 100

3.2. Characterization Study

The preparation conditions and results of AC samples produced from KOH impregnated RSS are
exhibited in Table 3. The result demonstrated that sample A6, which is arranged at an impregnation
ratio (IR) of 1:2, Tact of 700 ◦C, and tact of 120 min, yields the highest values of specific surface area,
SBET of 1129.60 m2/g, average pore diameter, D of 3.46 nm, and total pore volume, VT as high as
0.412 cm3/g. This is followed by samples A5 at 826.31 m2/g, 3.21 nm, and 0.376 cm3/g, and A8 at
731.06 m2/g, 3.21 nm, and 0.301 cm3/g, respectively. In comparison, samples A1 and A2, which are
developed at an IR of 1:1, all exhibit reduced SBET and VT values in comparison to A3. The reason is
due to the IR of KOH to RSS which plays a critical role in the pores formation. High IR supposedly
helps to increase the amount of potassium metal that can be intercalated and thus develops more pore
formation [22]. Nevertheless, the outcome of the analysis confirms that there is an utmost number
of ions that can be accepted above which would reduce pore progression. The reason behind this is
because additional or excess activating agents probably form an insulating layer (or skin) coating the
AC particles, and therefore lowering the activation process and the influence with the surrounding
atmosphere [23]. This phenomenon is particularly observed in sample A4 where most likely activation



Processes 2019, 7, 855

is hindered, resulting in a lower surface area (SBET of 492.55 m2/g) and pore volume formation (VT of
0.182 cm3/g) as compared to A3.

Table 3. Surface area and porosity results.

Sample IR
Act. Temp

(◦C)
Act. Time

(min)

Specific
Surface Area,
SBET (m2/g)

Total Pore
Volume, VT

(cm3/g)

Average Pore
Diameter, D

(nm)

Percentage
Micropores

(%)

Raw - - - 1.11 0.007 1.26 19.82
A1 1:1 400 60 203.81 0.113 1.81 78.71
A2 1:1 500 60 481.19 0.191 2.06 78.90
A3 1:2 500 60 571.86 0.203 2.17 85.29
A4 1:3 500 60 492.12 0.182 2.26 53.73
A5 1:2 600 120 826.31 0.376 3.21 34.24
A6 1:2 700 120 1129.60 0.412 3.46 31.67
A7 1:2 700 180 618.13 0.406 3.37 28.34
A8 1:2 800 120 731.06 0.301 3.21 24.27
A9 1:2 900 120 701.45 0.235 3.72 15.13

As for activation temperature, the optimum temperatures have been reported to be between
500–800 ◦C by most of the earlier researchers [24]. Hence, the experiments were conducted by varying
temperatures from 400 to 900 ◦C, and it turned out that the recommended temperature is reliable due
to verification provided by samples A1 to A3 and A5 to A9. Sample A1, which is carbonized at 400 ◦C,
yields the lowest SBET (203.81 m2/g) and VT (0.113 cm3/g) than any additional samples. It was reported
that 400 ◦C is the starting carbonization temperature in the development rudimentary of pores of AC
material. Increasing the activation temperature to 700 ◦C will intensify the expulsion of molecular
weight of unstable compounds and further generating new pores, resulting in the hastening of porosity
growth of the AC. Sample A5 and A6 have the highest SBET (826.31 m2/g and 1129.60 m2/g) and VT

(0.376 cm3/g and 0.412 cm3/g) values, respectively. Nevertheless, when the activation temperature is
elevated to 900 ◦C, the excessive heat energy supplied to the carbon will result in the collapsing and
knocking of some porous wall [17]. The outcome is the decrease quantity of SBET and VT. This can be
interpreted by comparing sample A9 with other samples’ characterization result.

Extended activation time during the carbonization process may cause in over-activation, where
surface erosion is accelerated more quickly than pore formation. Sample A7 shows rapid decreasing in
SBET, VT, and D after an activation time of 180 min. Considering the well-developed porous structure
at a temperature of 700 ◦C, any increment in activation time will causes the carbon structures to break
between its cross-links, resulting in pore collapsing [25,26]. Although sample A6 has the highest SBET,
VT, and D, only 31.67% of its volume existed as micropores. Sample A3 has the highest micropore
volume, with 85.29% of its total pore, while sample A9 has the lowest micropore volume with 15.13%.
According to The International Union of Pure and Applied Chemistry (IUPAC) classification pore
size are categorized as macro if the size >50 nm, meso if the size is between 2–50 nm, and micropore
when <2 nm [26]. All samples, except raw and A1, show pore diameter in the range between 2–4 nm,
and thus distinctly categorize that the pores belong to the mesopores classification.

3.3. Morphology

Figure 1 shows the microscopic morphology structure of the raw RSS and some selected samples
prepared at different operating parameters. By using FESEM, structural images with magnification
up to 300 times are taken. The structural image of fresh RSS in Figure 1a indicates that the raw
material before undergoing activation shows no noticeable pores. However, the image clearly shows
the existence of fine pores on the surface, which is one of the important aspects for manufacturing AC.
After activation, a greater distribution of pores emerged to become active sites for adsorption to take
place more readily. The difference in pore structure before activation and after activation is clearly
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illustrated through comparison made between Figure 1a with Figure 1b,c. The canal structure on the
surface of sample A6 has been partially broken, which indicates carbonization process occurred and
the surface was eroded by longer activation temperature and time than sample A1. Therefore, the SBET

of sample A6 is much higher. As shown in Figure 1c, sample A6 has the most well-developed structure
compared the other three AC. This justified that sample A6 has the highest SBET, VT, and D compared
to other samples. On the other hand, collapse of porous wall due to excessive heat exposure is observed
in Figure 1d with sample A9 being activated at highest temperature. Two promising samples, A5 and
A6, are selected for further analysis.

  
(a) (b) 

  
(c) (d) 

Figure 1. FESEM images of selected samples, (a) fresh RSS, (b) sample A1, (c) sample A6, and
(d) sample A9.

3.4. Nitrogen Adsorption–Desorption Isotherms Study

Figure 2 shows the N2 adsorption–desorption isotherms of the selected three AC. The quantity
of N2 adsorbed is projected against the relative pressure p/po where p = pressure at given condition
and po = saturated vapor pressure of N2. Based on IUPAC classification of adsorption isotherm [25],
it can be seen that for raw AC the isotherm follows Type II classification, which signify the presence of
microporous pores existed and within the micropores the surface resides almost exclusively. Once
it was fully occupied by N2 adsorbate, very few or no exterior surface left for further adsorption.
Samples A5 and A6, however, show a combination of Type I and Type III classification where
the trend line was initially following Type I with Type III trend line appearing at the end of high
relative pressure. This combination is associated with a combination of microporous and mesoporous
structures with mesopores as the dominant species [26]. The result is consistent with the D of 3.21
and 3.46 nm, respectively, as shown in Table 3, where it complies with the IUPAC classification of
mesoporous material.
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Figure 2. N2 adsorption–desorption isotherms.

3.5. CO2 Adsorption and Isotherm Modeling

Figure 3a depicts the CO2 adsorption capacity for samples A5 and A6 at an ambient temperature
and pressure. According to Estaves et al. [27], it is ideal to adsorb CO2 at lower a temperature (25 ◦C
in this research) as CO2 adsorption process onto AC is exothermic due to the physical adsorption
(physisorption) process. Weak van der Waals forces are basically involved in physisorption. At high
temperature condition, these weak forces are easily broken and result in the decrease of the adsorption
capacity. Instability of the CO2 adsorbate on the carbon surface will result in a desorption process,
owing to higher surface adsorption energy and molecular diffusion at high temperature. According
to Hauchhum et al. [28], the rise in bed temperature of AC will expedite the internal energy of the
adsorbent, and therefore CO2 molecules are released from the surface. To summarize, exothermic
process during adsorption is controlled by physisorption when there is reduction in the adsorption
capacity with respect to the temperature [29]. Based from Figure 3a, higher CO2 adsorption capacity
for sample A6 is recorded compared to A5. This finding is parallel to the nitrogen adsorption analysis
carried out earlier. This verifies that higher surface area does lead to higher adsorption capacity.
The highest CO2 adsorption capacity for sample A6 is 43.5094 cm3/g at a pressure of 1.2523 bar, while
for the A5 sample it is 39.2496 cm3/g at a pressure of 1.2525 bar, respectively.
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Figure 3. (a) CO2 adsorption capacity at 25 ◦C; (b) weight uptake of CO2 adsorption at 25 ◦C.

The effect of pressure on CO2 capacity is also observed where higher adsorption occurs at higher
pressure. This phenomenon happens because high pressure tends to push CO2 molecules onto
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adsorption site within the pore. In Figure 3b, the highest CO2 sorption quantity that is exhibited by
samples A6 and A5 is 8.5431 wt% at a pressure of 1.2523 bar and 7.7067 wt% at a pressure of 1.2525 bar,
respectively. The disparity in CO2 weight uptake of these solid AC as a result of the surface area value
is shown in Table 3. Sample A6, which has the largest SBET, is noticed to adsorb more CO2 compared to
other samples, which implies that there are more available surface sites for CO2 adsorption processes
to take place.

Table 4 shows the calculated isotherm constants and their corresponding R2 values for CO2

adsorption using linear regression method. According to Perez et al. [30], the Langmuir constant kL
and Freundlich constant kF are all related to the adsorption affinity. Its value decreases with increases
in temperature, which signify physisorption behavior. This CO2 adsorption capacity reduction can
be interpreted by Le Chatelier’s principle, where for an exothermic process (physisorption), low
temperature is preferred during adsorption. The exothermic behavior of the CO2 adsorption is aligned
with the qm value that is likely to decline with the rise in the adsorption temperature. The Langmuir
adsorption model explains that adsorption does not occur after monolayer adsorbate formation on the
adsorbent surface. This model assumes constant adsorption energies onto the surface and no adsorbate
movement on the surface planes [29–31].

Table 4. Langmuir, Freundlich, and Temkin isotherm models via linearized technique.

Sample
Langmuir Freundlich Temkin

qm kL R2 kF n R2 kT B bT R2

A6 57.47126 2.202532 0.9901 42.07266 1.67364 0.9902 28.81605 11.365 218.1099 0.9708
A5 57.80347 1.478632 0.9772 36.19095 1.515611 0.9962 21.37372 10.73 231.0176 0.9487

Freundlich adsorption model is based on an empirical relationship, which explains adsorption
isothermal variation with pressure. This model is often used to explain heterogeneous surface
adsorption characteristics. The Temkin adsorption model accounts for the adsorbate–adsorbent
interaction. This model assumes adsorption heat of all adsorbate molecules decreases linearly [29].
As for Freundlich constant, n, and sometimes known as heterogeneity factor, its value signifies the type
of adsorption, where n > 1 is for physical adsorption while n < 1 corresponds to chemical adsorption.
Both samples A5 and A6 have a R2 value closer to unity for the Freundlich model compared to
Langmuir and Temkin. This shows that the adsorption process occurs in heterogeneous surfaces and
is not restricted to monolayer adsorption as recommended by Langmuir. The summary for Table 4
suggests that the Freundlich model gives the best fitting correlation to the experimental data, owing its
R2 value approaching unity as it permits the CO2 adsorbate molecules to form a successive layer onto
the surface of AC.

3.6. Kinetic Analysis

Figure 4 shows the straight line plot of log(qe − qt) versus t for RSS AC of sample A6 at 25 ◦C
using Equation (4). The kinetic data are summarized in Table 5. The pseudo-first order kinetic model
is established on the assumption that the rate of adsorption is proportional to the number of vacant
sites available on the adsorbent surface and is used regularly in liquid–solid phase [29]. Due to its low
R2 value of 0.8392, this kinetic model does not fit well with the CO2 adsorption experimental data.
Sadaf et al. [32] verified that the pseudo-first order model was unsuitable in the adsorption process as
it can be only applied during the beginning stage and not for the entire period.
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Figure 4. Pseudo-first order kinetic model of sample A6 RSS AC.

Table 5. Summary of kinetic models.

Kinetic Model Parameter Temperature (25 ◦C)

Pseudo-first order model
qe (mg/g) 54.31
k1 (1/min) 0.221

R2 0.839

Pseudo-second order model

qe (mg/g) 61.15
k2 (g/mg min) 7.82 × 10−4

h (mg/g min) 2.306
R2 0.939

Elovich model
β (g/mg) 0.022

α (mg/g min) 2.92
R2 0.8188

For the pseudo-second order kinetics model, the rate of adsorption is assumed to be linearly related
to the square of the number of vacant sites available on the adsorbent surface. This model has been
used by many researchers for the modeling of experimental data of CO2 adsorption kinetics [33,34].
A plot of t/qt against time t will generate a straight line with 1/h and 1/qe as y-interception and slope,
respectively, if the model is applicable in the adsorption process. By taking the R2 value shown in
Figure 5, the pseudo-second order model fits the CO2 adsorption profile with the regression coefficient
value of 0.9388 compared to the first-order model of 0.8392. In addition, the magnitude of h that
represents the rate of adsorption has a value of 2.306 mg/g min and its value is expected to decline
with respect to the operating temperature. According to Simon et al. [29], the CO2 molecules will
gain an adequate amount of energies at elevated temperatures and be able to overcome the weak
van der Waals bonding and finally will be moved back to the bulk gas phase. A similar trend was
observed by Chao Ge et al. [25] when investigating the adsorption equilibrium capacity of CO2 at
temperatures between −47 and 28 ◦C using both pseudo-model kinetics. Results predicted by the
pseudo-second order model were much closer and coincided with the experimental values (R2 value
greater than 0.996). Contrarily, larger deviation between the actual and calculated value resulted by
using the pseudo-first order model and, thus, producing lower R2 values.
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Figure 5. Pseudo-second order kinetic model of sample A6 RSS AC.

Figure 6 displays the Elovich plot of CO2 adsorption using the same data. If it fits with the model,
a straight line with gradient of 1/β and y-interception of 1/β ln(αβ) will be produced. The Elovich
kinetic model assumes that the rate of adsorption exponentially decreases with the increase in the
amount of CO2 adsorbed on the adsorbent surface without any interaction among the adsorbed
species [35,36]. By applying boundary conditions and integrate in Equation (3), it results in a new
equation as shown below:

qt =
1
β

ln(αβ) +
1
β

lnt (4)

y = 45.047x - 48.318
R² = 0.8188
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Figure 6. Elovich model of sample A6 RSS AC.

As demonstrated in the figure, the Elovich kinetic model gave a poor regression coefficient of
0.8188 compared to the other two pseudo-models.

Based on the summary of kinetic models shown in Table 5, it was noticed that the pseudo-first
order and Elovich model are not well suited to fit the CO2 adsorption kinetics data owing to their low
R2 values. Significant deviations are observed when determining equilibrium adsorption capacity
using the two kinetic models. The pseudo-second order kinetics model fits the adsorption kinetics data,
with a R2 value of 0.939. It can be concluded that the three kinetics models are found to be suitable for
fitting the present adsorption kinetics data in the following subsequent order: Pseudo-second order >
pseudo-first order > Elovich.
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3.7. Comparison Study with Other Biomass Activated Carbon Materials

Figure 7 shows the CO2 adsorption comparison capacities on selected types of AC from agricultural
waste ranging from coconut shell, banana peel, rice husk, palm shell, and coconut fiber [17,34]. From this
relative study, it can be seen that the RSS AC of sample A6 has a noticeable higher adsorption capacity
compared to banana peel and rice husk based AC. The highest CO2 adsorption capacity is coconut
shell at 78.77 mg/g, followed by coconut fiber at 60.2 mg/g and palm shell at 58.52 mg/g. RSS is ranked
fourth with an adsorption capacity of 54.31 mg/g of CO2. The usage of RSS waste biomass from rubber
plantation for the development into AC is practical as it can overcomes the shortage of the non-renewable
precursors, such as zeolites, metal-organic frameworks (MOF), mesoporous oxides, polymers, etc.
To guarantee a long-term sustainability of this industry, Khalili et al. [37,38] acknowledged that the
biomass-based AC may be synthesized from the renewable feedstock. In addition, the preparation of
wastes from sustainable biomass precursors provides an environmentally friendly and sustainable
passage for the advancement of CO2 sorbent materials.
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Figure 7. CO2 adsorption capacity by different agricultural waste AC [18,30,33,34].

4. Conclusions

This study indicates the promising potential in producing a low-cost AC from RSS using KOH as
activating agent. The resulting AC yield a high surface area, pore volume, and average diameter at an
impregnation ratio of 1:2, activation temperature of 700 ◦C, and activation time of 120 min. According
to the characterization analysis, the range of pore diameter (2–50 nm) is in the mesopores classification.
The AC with a high surface area was also verified to have higher CO2 adsorption capacity using a static
volumetric instrument. Moreover, the adsorption capacity test proved that adsorption using RSS based
AC has a high prospective in reducing CO2 and is on par with some already existing conventional
biomass AC. Based on isotherm model analysis, the Freundlich isotherm model fit best, and the kinetic
analysis demonstrated that the CO2 adsorption onto the AC obeys the pseudo-second order model
due to its closest proximity R2 value toward unity.
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Abstract: Ionic liquids, which are classified as new solvents, have been identified to be potential
solvents in the application of CO2 capture. In this work, six ammonium-based protic ionic liquids,
containing ethanolammonium [EtOHA], tributylammonium [TBA], bis(2-ethylhexyl)ammonium
[BEHA] cations, and acetate [AC] and butyrate [BA] anions, were synthesized and characterized.
The thermophysical properties of the ammonium-based protic ionic liquids were measured. Density,
ρ, and dynamic viscosity, η, were determined at temperatures between 293.15 K and 363.15 K. The
density and viscosity values were correlated using empirical correlations and the thermal coefficient
expansion, αp, and molecular volume, Vm, were estimated using density values. The thermal stability
of the ammonium-based protic ionic liquids was investigated using thermogravimetric analyzer
(TGA) at a heating rate of 10 ◦C·min-1. The CO2 absorption of the ammonium-based ionic liquids
were measured up to 20 bar at 298.15 K. From the experimental results, [BEHA][BA] had the highest
affinity towards CO2 with the mol fraction of CO2 absorbed approaching 0.5 at 20 bar. Generally, ionic
liquids with butyrate anions have better CO2 absorption than that of acetate anions while [BEHA]
ionic liquids have higher affinity towards CO2 followed by [TBA] and [EtOHA] ionic liquids.

Keywords: ammonium-based protic ionic liquids; density; thermal expansion coefficient; viscosity;
thermal stability; CO2 absorption

1. Introduction

Natural gas consists mainly of methane as well as other higher alkanes in varied amounts. It
is mainly used as a fuel and as a raw material in petrochemical industries [1]. While natural gas
is principally a mixture of combustible hydrocarbons, many natural gases also contain impurities,
such as carbon dioxide, CO2, hydrogen sulfide, H2S, and water. Refining processes are required to
remove all of these unwanted impurities from natural gas. Besides water and higher-molecular-weight
hydrocarbons, one of the most crucial parts of gas processing is the elimination of CO2 and this
process is normally done by means of chemical absorption techniques using alkanolamine solutions.
Despite the successful practice of using alkanolamines for CO2 removal, several disadvantages have
been identified, such as solvent loss and degradation as well as corrosion issues [2]. In view of these
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issues, there is a need to develop new alternative, yet effective solvents for the same purposes. Ionic
liquids have emerged as new solvents that have potential to be used for CO2 removal due to their
special features, namely non-detectable vapor pressure, wide liquid range, and remarkable thermal
stability. Ionic liquids are low melting salts with typical melting points of below 100 ◦C. Furthermore,
there are countless possible combinations of cations and anions that can yield ionic liquids and this
flexibility is utilized to design ionic liquids based on the application. Ionic liquids are used in many
applications, such as in chemical reactions and separation processes [3–6]. In the field of CO2 capture
using ionic liquids, initial work on the CO2-ionic liquid system was done in 2001 [7] and, following
this discovery, extensive works have been done to explore the absorption of CO2 in ionic liquids
under various operating conditions [8–15]. Imidazolium-based ionic liquids were used in most of
the study of CO2 absorption. They are highly unsymmetrical and therefore have low melting points.
Recently, protic ionic liquids have been used in the study of CO2 capture [16,17]. Protic ionic liquids
are formed by a proton transfer between an equimolar amount of a Brønsted acid and a Brønsted
base. The modern type of protic ionic liquids have been described by Ohno and co-workers [18] and
an extensive review on the properties and applications of protic ionic liquids has been provided by
Greaves and Drummond [19] who also noted the ability of protic ionic liquids to support amphiphile
self-assembly [20,21]. The interest in the ionicity of protic ionic liquids has come to light due to the
unlikeliness of complete proton transfer between the acid and base contributing to the presence of a
neutral acid and base mixture [19,22,23]. MacFarlane and Seddon [24] proposed a limit of a 1% neutral
species presence in an ionic liquid to be called ‘pure ionic liquid’. The term pseudo-protic ionic liquid
was suggested by Doi et al. [25] after they discovered that a mixture of N-methylimidazole and acetic
acid exhibited electrical conductivity behavior even though the mixture was mostly dominated by
neutral species rather than ions when inspected using Raman spectroscopy.

Nevertheless, the simple synthesis pathway of protic ionic liquids, i.e., a one-step neutralization
reaction, and their proven ability to absorb CO2 motivated us to explore this type of ionic liquids in the
field of CO2 capture. Nonetheless, physical properties, such as density, viscosity, and thermal stability
of ionic liquids, are very important prior to using these new solvents in any applications. Precise
understanding on the thermophysical properties is important as it is required to evaluate the suitability
of ionic liquids to be used at an industrial scale [26]. For instance, viscosity is an important property
for the design of industrial processes involving heat and mass transfer and dissolution of compounds
in fluids [27]. Therefore, the aim of our work was to synthesize several new ammonium-based protic
ionic liquids using a 1-step neutralization reaction, measure their thermophysical properties, and, lastly,
test their ability to capture CO2. In this work, six ammonium-based protic ionic liquids, containing
acetate and butyrate anions, were synthesized using solvent-free, 1-step neutralization reaction. The
density, dynamic viscosity, and thermal stability of these ionic liquids were determined. The density
values enable the estimation of thermal expansion coefficient and the molecular volume of the ionic
liquids. To assess the capability of these ionic liquids towards CO2, absorption of CO2 was done using
a solubility cell and the screening was done in the CO2 pressure range up to 20 bar and at 298.15 K.
Results showed that the ammonium-based protic ionic liquids synthesized in this study have the
potential to absorb CO2.

2. Materials and Methods

2.1. Chemicals

Three amines and two organic acids from Merck Sdn. Bhd. were used in the production of
the ammonium-based protic ionic liquids. All chemicals were of analytical grade. The amines
and acids CAS numbers, abbreviations, and grades are as follows: ethanolamine (141–43–5, 99%),
bis(2–ethylhexyl)amine (106–20–7, 99%), tributylamine (102–82–9, 99%), acetic acid (64–19–7, 99.8%),
and butyric acid (107–92–6, 99%).
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2.2. Synthesis

For the synthesis of each of the ammonium-based protic ionic liquids, an equimolar amount of
the acid was added dropwise to the amine at ambient conditions and the mixture was consistently
stirred for 24 h to facilitate mixing. The resulting solution was dried under vacuum at 65 ◦C for 6 h
to remove remaining reactants. The final product was kept in a seal container until further use. The
combinations of two acids and three amines produce six ammonium-based protic ionic liquids. Table 1
shows the structures and the abbreviation used for the ionic liquids. All ionic liquids exist as liquids
except [BEHA][AC], which exists as a solid compound at room temperature.

Table 1. Structures of cations and anions, names and abbreviations.

Structure Name and Abbreviation

 HO
NH3 Ethanolammonium, [EtOHA]

NH CH3H3C

CH3

Tributylammonium, [TBA]

H3C N
H2

CH3

H3C CH3

Bis(2-ethylhexyl)ammonium, [BEHA]

O

O CH3

Acetate, [AC]

O

O CH3

Butyrate, [BA]

2.3. NMR and Water Content

The structure of the ammonium-based protic ionic liquids was analyzed and confirmed via nuclear
magnetic resonance (NMR) spectroscopy. About 5 mg sample of ionic liquid was dissolved in 6 mL
deuterated solvent and the sample’s purity was determined using 500 MHz Bruker NMR Oxford
Instrument. Coulometric Karl Fischer autotitrator DL39 from Mettler was used to determine the water
content of the ionic liquids.

2.4. Thermophysical Characterization

The viscosity and density of the ammonium-based protic ionic liquids were determined
simultaneously using Anton Parr Stabinger Viscometer SVM3000 in the temperature range of 293.15 K
to 363.15 K. The temperature measurement‘s accuracy was within 0.02 K while the reproducibility
of the viscosity and density measurements were 0.35% and ±5.10−4 g·cm−3, respectively [28]. The
decomposition temperatures of the ionic liquids were examined by means of thermogravimetric
analyzer, TGA Perkin Elmer STA 6000. About 10 mg of sample was loaded into a platinum pan and
the sample was heated at a heating rate of 10 ◦C·min-1 under nitrogen flow.

2.5. CO2 Absorption Measurement

The ability of the ammonium-based protic ionic liquids to absorb CO2 was investigated based on
a pressure drop technique using a solubility cell as described in our previous publication [29]. The
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solubility cell consists of an equilibrium cell and a gas vessel immersed in a thermostatic bath. In a
pressure drop method, the gas with a known pressure at constant volume is allowed to be in contact
with the ionic liquid in the equilibrium cell and the pressure drop is monitored as the gas absorbs into
the ionic liquid until equilibrium is attained. In a typical experiment, the equilibrium cell was loaded
with a pre-weighed amount of the ionic liquid and the equilibrium cell was evacuated to remove any
gases. In the gas vessel, CO2 was allowed to stabilize before being quickly charged into the equilibrium
cell. The CO2-ionic liquid system was assumed to achieve equilibrium when the pressure attained a
constant value. The system was maintained in that conditions for an additional two hours to ensure
equilibration. Equation (1) was used to calculate the amount of CO2 absorbed in the ionic liquid,
n2 [30]:

n2 =
PiniVtotal

Z2(Pini, Tini)RTini
−

Peq
[
Vtotal −Vliq

]
Z2(Peq, Teq)RTeq

, (1)

where Pini and Tini are the initial pressure and temperature of the system, Peq and Teq are the pressure
and temperature of the system at equilibrium, Vtotal is the volume of the equilibrium cell, Vliq is the
volume of ionic liquid, R is the gas constant, and Z2 represents the compressibility factor of the gas.
Z2 can be calculated using Soave–Redlich–Kwong equation of state [31]. The mole fraction of CO2

absorbed in the ionic liquid (x2) was calculated using Equation (2):

x2 =
n2

liq(
n2

liq + n1
liq

) , (2)

where n2
liq represents the mole of dissolved CO2 and n1

liq is the mole of the ionic liquid.

3. Results and Discussion

In this work, six ammonium-based protic ionic liquids—ethanolammonium acetate
[EtOHA][AC], ethanolammonium butyrate [EtOHA][BA], tributylammonium acetate [TBA][AC],
tributylammonium butyrate [TBA][BA], bis(2-ethylhexyl)ammonium acetate [BEHA][AC], and
bis(2-ethylhexyl)ammonium butyrate [BEHA][BA]—were synthesized and characterized. All the
ammonium-based protic ionic liquids exist as liquids at room temperature except [BEHA][AC], which
is a solid. The NMR and water content of each ionic liquids are presented as follows:

[EtOHA][AC]: 1H NMR (500 MHz, D2O): δ 3.613 [t, 2H, H2(-OH)], 2.922 [t, 2H, CH2(-NH2)], 1.726 [s,
3H, CH3]. Water content: 2.93%
[EtOHA][BA]: 1H NMR (500 MHz, D2O): δ 3.669 [t, 2H, CH2(-OH)], 2.988 [t, 2H, CH2(-NH2)], 2.010 [t,
2H, CH2(-COOH)], 1.375–1.448 [m, 2H, CH2], 0.747 [t, 3H, CH3]. Water content: 2.06%
[BEHA][AC]: 1H NMR (500 MHz, D2O): δ 2.861 [d, 4H, CH2(-NH)], 1.805 [s, 3H, CH3], 1.613–1.677 [m,
2H, CH], 1.181–1.309 [m, 16H, CH2], 0.786 [t, 12H, CH3]. Solid
[BEHA][BA]: 1H NMR (500 MHz, D2O): δ 2.856 [d, 4H, CH2(-NH)], 2.062 [t, 2H, CH2(-COOH)],
1.582–1.660 [m, 2H, CH], 1.412–1.486 [m, 2H, CH2(AC)], 1.236–1.339 [m, 16H, CH2], 1.214-1.229 [t,t
15H, CH3]. Water content: 0.15%
[TBA][AC]: 1H NMR (500 MHz, D2O): δ 3.002 [t, 4H, CH2(-NH)], 1.788 [s, 3H, CH3], 1.508–10571 [m,
6H, CH2], 1.207–1.282 [m, 6H, CH2], 0.805 [t, 9H, CH3]. Water content: 0.47%
[TBA][BA]: 1H NMR (500 MHz, D2O): δ 3.003 [t, 6H, CH2(-NH)], 2.031 [t, 2H, CH2(-COOH)], 1.510–1.573
[m, 6H, CH2], 1.394–1.468 [m, 2H, CH2(AC)], 1.211-1.285 [m, 6H, CH2], 0.809 [t, 9H, CH3], 0.768 [t, 3H,
CH3(AC)]. Water content: 0.23%

3.1. Thermophysical Properties

The experimental density and dynamic viscosity values for all liquid samples of synthesized
ammonium-based protic ionic liquids are presented in Tables 2 and 3. The experimental densities of
[EtOHA][AC], [EtOHA][BA], [BEHA][BA], [TBA][AC], and [TBA][BA] as a function of temperature
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are shown in Figures 1–3. [BEHA][AC] is not included as it exists as solid. As can be seen from
Figure 1, the density of all five ammonium-based protic ionic liquids decreased gradually and linearly
with increasing temperature over the range of temperature studied. An increase in temperature
caused higher mobility of the ions which, in turn, weakens the intermolecular forces between the
constituent ions and correspondingly increases the unit volume for these ions [32]. The density of these
ammonium-based protic ionic liquids was slightly affected by the length of the alkyl chain of the anion
in which the density of ionic liquids with the [AC] anion was higher than of ionic liquids with the
[BA] anion for a fixed cation, as shown in Figure 2a,b. This observation is consistent with the literature
in which it has been shown that the density value drops as the alkyl chain gets longer [28,32–37].
Our experimental density value of [EtOHA][AC] is in good agreement with Kurnia et al. [35] and
Hosseini et al. [38] with the value differences of less than 0.2% and 0.8%, respectively. Generally,
effective arrangement of ions in a liquid can increase the density of the liquid due to a greater number
of ions available in a unit volume [39]. Based on our experimental results, as shown in Figure 3,
ionic liquids with the [EtOHA] cation have higher density values compared to the rest, suggesting
a better packing of the ions due to the small size of the cation. [TBA][BA] had the lowest density
values at all temperatures due to the combined effects of branching of the cation, which increases the
asymmetricity and steric hindrance of the ionic liquid [32], along with the large size of the alkyl chain
of the [BA] anion.

Table 2. Density (ρ) values of ionic liquids from 293.15 K to 363.15 K.

T/K ρ (g·cm−3)

[EtOHA][AC] [EtOHA][BA] [BEHA][BA] [TBA][AC] [TBA] [BA]

293.15 1.1468 1.0772 0.8695 0.9118 0.8591
303.15 1.1410 1.0725 0.8613 0.9035 0.8531
313.15 1.1359 1.0657 0.8532 0.8952 0.8445
323.15 1.1305 1.0579 0.8451 0.8869 0.8356
333.15 1.1250 1.0516 0.8368 0.8785 0.8268
343.15 1.1194 1.0452 0.8285 0.8700 0.8185
353.15 1.1137 1.0387 0.8203 0.8614 0.8102
363.15 1.1079 1.0324 0.8124 0.8527 0.8020

Table 3. Dynamic viscosity (η) values of ionic liquids from 293.15 K to 363.15 K.

T/K η (mPa·s)

[EtOHA][AC] [EtOHA][BA] [BEHA][BA] [TBA][AC] [TBA] [BA]

293.15 385.760 1814.000 26.061 1.8482 8.368
303.15 197.860 883.310 15.364 1.5090 5.832
313.15 110.780 464.320 9.780 1.1485 4.225
323.15 66.947 261.220 6.628 1.0573 3.185
333.15 43.099 155.690 4.706 0.9041 2.457
343.15 29.214 97.348 3.478 0.7886 1.949
353.15 20.677 63.345 2.652 0.6928 1.579
363.15 15.157 42.651 1.874 0.6149 1.287
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Figure 1. Plot of experimental density (ρ) values of ammonium-based protic ionic liquids.
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Figure 2. (a) Plot of experimental density (ρ) values of [EtOHA][AC] and [EtOHA][BA] and (b) plot of
experimental density (ρ) values of [TBA][AC] and [TBA][BA] as a function of temperature.
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Figure 3. Plot of experimental density (ρ) values of [EtOHA][BA], [BEHA][BA], and [TBA][BA] as a
function of temperature.

The dynamic viscosity of the ammonium-based protic ionic liquids, presented in Figure 4, dropped
significantly as the temperature increased and the viscosity of ionic liquids with a [BA] anion was
higher than that of ionic liquids with an [AC] anion for each type of cation studied in this work, as
shown in Figure 5. The longer the alkyl chain in the ionic liquid structure, the higher the viscosity of
the ionic liquids due to the increase in van der Waals attraction between the aliphatic alkyl chains [35].
On the other hand, [EtOHA] ionic liquids have remarkable high viscosity values compared to [BEHA]
and [TBA] ionic liquids due to the presence of the hydroxyl group which enables a hydrogen bonding
interaction between the structures of the ions.
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Figure 4. (a) Plot of experimental viscosity (η) values of ammonium based ionic liquids and (b) plot of
experimental viscosity (η) values of [BEHA][BA], [TBA][AC], and [TBA][BA].
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Figure 5. (a) plot of experimental viscosity (η) values of [EtOHA][AC] and [EtOHA][BA] ionic liquids
and (b) plot of experimental viscosity (η) values of [TBA][AC] and [TBA][BA].

The values of density, ρ and dynamic viscosity, ηwere fitted using Equations (3) and (4) [28]:

ρ = A0 + A1T, (3)

lg η = A2 + A3/T, (4)

where ρ is the density, η is the dynamic viscosity of the ionic liquids, T is temperature in K, and A0, A1,
A2, and A3 are correlation coefficients determined using the method of least squares. The calculated
correlation coefficients together with standard deviations, SD are presented in Tables 4 and 5. The
standard deviations, SD, were calculated using Equation (5) in which Zexpt and Zcalc are experimental
and calculated values, respectively, while nDAT is the number of experimental points:

SD =

√√√√√√nDAT∑
i

(Zexp t −Zcalc)
2

nDAT
. (5)

Table 4. Fitting parameters of Equation (3) for density (ρ) correlation and standard deviation (SD) from
Equation (5).

Ionic Liquid A0 A1 SD

[EtOHA][AC] 1.3087 −0.0006 0.016
[EtOHA][BA] 1.2702 −0.0007 0.015
[BEHA][BA] 1.1093 −0.0008 0.006
[TBA][AC] 1.1592 −0.0008 0.014
[TBA][BA] 1.1051 −0.0008 0.011

Table 5. Fitting parameters of Equation (4) for dynamic viscosity (η) correlation and standard deviation
(SD) from Equation (5).

Ionic Liquid A2 A3 SD

[EtOHA][AC] −4.7222 2127.7 0.031
[EtOHA][BA] −5.1998 2469.4 0.021
[BEHA][BA] −4.4045 1696.4 0.020
[TBA][AC] −2.1829 713.31 0.014
[TBA][BA] −3.2888 1229.3 0.011
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The thermal expansion coefficient, αp, for the ammonium-based protic ionic liquids can be
calculated using Equation (6) [28] while the molecular volume, Vm can be estimated from Equation (7)
in which M is the molar mass of the ionic liquid and NA represents the Avogadro’s number [32,36,37]:

αp = -1/ρ · (∂ρ/∂T)p = - (A1)/(A0 + A1T) and (6)

Vm =M/NA · ρ. (7)

The calculated thermal expansion coefficients and molecular volume values of the
ammonium-based protic ionic liquids are presented in Tables 6 and 7. The calculated values lie
in the range of (5.3 to 9.8)·10-4 K-1 for all five ionic liquids. The thermal expansion coefficients
were found to be quite consistent over the temperature range studied and therefore are considered
to be temperature independent. The pattern of the results is consistent with other types of ionic
liquids [27,28,36,40,41]. The molecular volume, Vm, of the [BA] ionic liquid was greater than that of
[AC] for a fixed cation and this may be attributed to the presence of additional CH2 groups [36,37]. In
this work, the Vm decreased in the sequence of [BEHA] > [TBA] > [EtOHA] for a fixed anion, i.e., [BA].

Table 6. Thermal expansion coefficients (αp) of the ionic liquids calculated using Equation (6).

T/K αp × 10-4/(K-1)

[EtOHA][AC] [EtOHA][BA] [BEHA][BA] [TBA][AC] [TBA] [BA]

293.15 5.3 6.6 9.1 8.7 9.2
303.15 5.3 6.6 9.2 8.7 9.3
313.15 5.4 6.7 9.3 8.8 9.4
323.15 5.4 6.7 9.4 8.9 9.4
333.15 5.4 6.8 9.5 9.0 9.5
343.15 5.4 6.8 9.6 9.0 9.6
353.15 5.5 6.8 9.7 9.1 9.7
363.15 5.5 6.9 9.8 9.2 9.8

Table 7. Molecular volume (Vm) of the ionic liquids calculated using Equation (7).

T/K nm3

[EtOHA][AC] [EtOHA][BA] [BEHA][BA] [TBA][AC] [TBA] [BA]

293.15 0.1754 0.2300 0.6295 0.4470 0.5287
303.15 0.1763 0.2310 0.6355 0.4511 0.5324
313.15 0.1771 0.2325 0.6416 0.4553 0.5378
323.15 0.1780 0.2342 0.6477 0.4596 0.5436
333.15 0.1788 0.2356 0.6542 0.4640 0.5493
343.15 0.1797 0.2371 0.6607 0.4685 0.5549
353.15 0.1807 0.2386 0.6673 0.4732 0.5606
363.15 0.1816 0.2400 0.6738 0.4780 0.5663

The thermal decomposition (Td) of the ammonium-based protic ionic liquids were measured
at a heating rate of 10 ◦C·min-1. The Td was approximately determined by the intersection of the
baseline weight from the beginning of the measurement and the tangent of the weight against the
temperature curve as the decomposition process occurs. The Td of the ionic liquids are presented
in Table 8 and the thermal decomposition curves for [EtOHA][BA] and [BEHA][BA] are given in
Figure 6. The thermal stability of the ammonium-based protic ionic liquids in this study varied with
the ion combination. The Td of [BA] ionic liquid was higher than that of [AC] ionic liquid for every
type of cation studied while [EtOHA] ionic liquids displayed the highest Td followed by [BEHA] and
[TBA]. However, ammonium-based protic ionic liquids in this work and from the literature [36] tend to
possess lower thermal stability compared to other ionic liquids, such as imidazolium and pyridinium
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ionic liquids [28,41,42]. However, generalization must not be made as the thermal stability depends
largely on the combination of the cation and anion of the ionic liquids.

Table 8. Thermal decomposition (Td) temperature of the ionic liquids.

[EtOHA][AC] [EtOHA][BA] [BEHA][AC] [BEHA][BA] [TBA][AC] [TBA] [BA]

T/◦C 147.23 237.47 124.89 146.06 111.46 120.58
°
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Figure 6. Plot of thermal decomposition of [EtOHA][BA] and [BEHA][BA].

3.2. CO2 Absorption

The experimental results of CO2 absorption in the ammonium-based protic ionic liquids are
shown in Figure 7. Generally, the CO2 absorption in these ammonium-based protic ionic liquids
increased with pressure following Henry’s law; the solubility of a gas in a liquid is proportional to the
partial pressure of the gas above the surface of the liquid. The mol fraction of CO2 absorbed in the
ammonium-based protic ionic liquids was in the range of about 0.02 to 0.48 and up to 20 bar at 298.15
K. The effects of cation structure on the CO2 absorption in the ionic liquids are shown in Figure 8. For
a fixed anion, the solubility of CO2 increased in the sequence of [EtOHA] < [TBA] < [BEHA] where the
mol fraction of CO2 absorbed in [BEHA][BA] was 0.486 in comparison to 0.328 and 0.307 in [TBA][BA]
and [EtOHA][BA], respectively. Meanwhile, Figure 9 indicates a slight increase in the CO2 solubility
when the anion of a common cation was changed from [AC] to [BA]. Based on our experimental
results, there is a relationship between absorption of CO2 with the density and the molecular volume
of the ionic liquids. As the density decreases and molecular volume increases, the fractional free
volume increases and, thus, the solubility of CO2 increases [43,44]. By using a common anion, the CO2

absorption in [BEHA][AC] was compared with 1-ethyl-3-methylimidazolium acetate, [EMIM][AC] [45]
and 1-butyl-3-methylimidazolium acetate, [BMIM][AC] [11]. At about 20 bar and 298.15 K, there was
only a marginal difference between the CO2 solubility in [BEHA][AC] compared to that of [EMIM][AC]
and [BMIM][AC]. This result shows a positive indication that our newly synthesized [BEHA][AC]
and [BEHA][BA] ionic liquids have comparable performance towards CO2 capture when compared to
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more established type of ionic liquids. However, more experimental investigation and data are needed
to further evaluate the potential ability of our ammonium-based protic ionic liquids in the application
of CO2 capture.
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Figure 7. Plot of CO2 absorption in ammonium-based protic ionic liquids at 298.15 K.
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Figure 9. (a) Plot of CO2 absorption in ammonium-based protic ionic liquids with the [BEHA] cation;
(b) plot of CO2 absorption in ammonium-based protic ionic liquids with the [TBA] cation; (c) plot of
CO2 absorption in ammonium-based protic ionic liquids with the [EtOHA] cation and; and (d) plot of
CO2 absorption in [BEHA][AC], [EMIM][AC] [45] and [BMIM][AC] [11] at 298.15 K.

4. Conclusions

Six ammonium-based protic ionic liquids were successfully synthesized via solvent-free 1-step
neutralization reaction. The density, viscosity, and decomposition temperature were measured. The
thermal expansion coefficient and the molecular volume were calculated using the density values. The
density and viscosity values were inversely proportional with temperature in the range of temperature
studied at atmospheric pressure. The density decreased when the alkyl chain of the anion increased,
while the viscosity increased with the alkyl chain of the anion. The decomposition temperature of
the ammonium-based protic ionic liquids was affected by the combination of cation and anion and
[EtOHA] ionic liquids had the highest thermal stability when compared to the other ionic liquids. The
absorption of CO2 in the six ammonium-based protic ionic liquids was measured at 298.15 K and up to
a pressure of 20 bar. The CO2 absorption values in the ammonium-based protic ionic liquids increased
with pressure and both the cation and anion affected the solubility of CO2 in the ionic liquids. The
amount of CO2 absorbed was affected by the length of the alkyl chain of the anion while [BEHA]
ionic liquids displayed higher CO2 absorption capacity compared to [TBA] and [EtOHA] ionic liquids.
Results indicate the potential of the ammonium-based protic ionic liquids to be used as solvents for
CO2 capture.
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Abstract: In the present study, amorphous mesoporous silicon oxycarbide materials (SiOC) were
successfully synthesized via a low-cost facile method by using potassium hydroxide activation,
high temperature carbonization, and acid treatment. The precursors were obtained from floating
plants (floating moss, water cabbage, and water caltrops). X-ray diffraction (XRD) results confirmed
the amorphous Si–O–C structure and Raman spectra revealed the graphitized carbon phase. Floating
moss sample resulted in a rather rough surface with irregular patches and water caltrops sample
resulted in a highly porous network structure. The rough surface of the floating moss sample with
greater particle size is caused by the high carbon/oxygen ratio (1: 0.29) and low amount of hydroxyl
group compared to the other two samples. The pore volumes of these floating moss, water cabbage,
and water caltrops samples were 0.4, 0.49, and 0.63 cm3 g−1, respectively, resulting in thermal
conductivities of 6.55, 2.46, and 1.14 Wm−1 K−1, respectively. Floating plants, or more specifically,
floating moss, are thus a potential material for SiOC production.

Keywords: silicon oxycarbide; thermal conductivity; floating plants; SiOC; silica

1. Introduction

Silicon oxycarbide (SiOC) is an important material that finds application in semiconductor
devices [1,2], electrode materials of lithium–ion batteries [3,4], micro electromechanical systems
devices [5], high temperature sensors [6], conductive protective coatings [7], and super-capacitor [8]
due to its superior mechanical properties. SiOC exhibits high strength [9], high chemical durability [10],
excellent oxidation resistance under high temperature, good antioxidant crystallization property [11],
and exceptional thermal expansion properties [12]. However, amongst these, thermal properties
of silicon oxycarbide were rarely studied. Qiu et al. [13] reported a three-dimensional reticular
macro-porous SiOC ceramic structure prepared by sol–gel process. The sample’s porosity and specific
surface area were reduced due to particle agglomeration, resulting in lower thermal conductivity that
ranged from 0.041 to 0.062 Wm−1 K−1. Recently, random porous structure has attracted an increasing
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interest due to its radiation tolerance and very high crystallization temperature, which in turn resulted
in good thermal conductivity [14,15]. Gurlo et al. [16] reported that the thermal conductivity of
SiOC material containing zirconium and hafnium was 1.3 Wm−1 K−1 which was similar to that of
silica. Mazo et al. [17] observed that silicon oxycarbide glasses that were synthesized by using spark
plasma sintering had higher thermal conductivity values (≈1.38 Wm−1 K−1). Eom, et al. [18] prepared
barium-added silicon oxycarbide (SiOC–Ba) via pyrolysis method and showed that the addition of Ba
resulted in an increase in thermal conductivity values from 1.8 to 5.6 Wm−1 K−1.

The traditional approach to producing amorphous SiOC microstructure has been via
physical and chemical processing methods, such as powder metallurgy process [19], magnetron
sputtering [20], sol–gel method [21,22], and chemical vapor deposition [23]. The raw materials used
in synthesizing these SiOC materials were mainly chemical feedstocks such as tetraethoxysilane
(TEOS)/hydroxyl-terminated polydimethylsiloxane (PDMS) organic–inorganic hybrid materials [17],
polyxiloxane [18], methyltrimethoxysilane and dimethyldimethoxysilane [22], and dimethyl dimethoxy
silane [21]. There are also limited studies on the thermal conductivity of SiOC materials. It could be
expected that the material’s structure affects its heat transfer properties as the type of particles and
different pore sizes in the SiOC structure are the main reason to the different thermal conductivity
abilities [12]. Low-cost sacrificial template has been widely used to generate replicated pore structures
within such ceramic materials. Utilizing organic bio-mass, such as wood, or chemically modified
biomass as a template for synthesizing SiOC with varying degree of porosity has been reported [24,25].
The use of selected biomass can also provide an added advantage of providing a source of silica for
synthesis of SiOC.

These observations motivated our research for synthesizing SiOC using plant based biomass and
to evaluate its physical properties and thermal conductivity. The main advantages of this method,
as compared to other technologies, are its benign environmental nature and production of high-purity
products via a low-cost process. In this study, silicon oxycarbide materials were synthesized by using a
facile and inexpensive route from floating plants (floating moss, water cabbage, and water caltrops).
The characterizations of these silicon oxycarbide materials were studied with regards to their structural,
morphology, functional group, textural properties, and thermal conductivity.

2. Experimental

2.1. Preparation of Materials

All chemicals of analytical grade were purchased from Merck Chemicals. Three floating plants
were used to synthesize carbon-enriched silicon oxycarbide (SiOC), namely, floating moss (Salvinia
natans), water cabbage (Pistia stratiotes), and water caltrops (Trapa natans). The plants were collected
from a pond at Kun Shan University, Tainan, Taiwan. The plants were washed and bone-dried in
an oven at 100 ◦C before being grinded using a blender. For each sample synthesis, 0.071 mole
potassium hydroxide (KOH) was dissolved in 40 mL of deionized water into which 1 gram of the
dried and grounded biomass was added. The mixture was stirred for 2 h at 85 ◦C for activation
before being annealed for 2 h in a tube furnace purged with nitrogen gas at 800 ◦C for carbonization.
After that, the samples were added into 1.8 M hydrochloric acid (HCl) under magnetic stirring for 1 h.
The resultant solid powder from the mixture solutions were washed by vacuum filtration until the
pH value reached 7, and finally dried in vacuum at 110 ◦C overnight. The KOH activation enlarged
the pores in these samples, thereby destroying their internal structure. These carbon-rich materials
were then converted into pure carbon via high-temperature carbonization. Finally, acidic treatment
(HCl) was used to alter the surface functional groups, surface morphology, and textural properties of
the samples.
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2.2. Characterization of Carbon-Enriched Silicon Oxycarbide

The crystalline structures of the carbon-enriched silicon oxycarbide samples were studied using
an X-ray diffractometer (PANalytical X’Pert PRO, Almelo, the Netherlands) with copper K–alpha
radiation (λ = 0.15418 nm) scanning from 10◦ to 70◦. The structures of all samples were analyzed
using Raman Spectroscopy (DONGWOO DM500i, Gyeonggi-do, Korea). The morphology and
compositions of the SiOC samples were analyzed via a field emission scanning electron microscopy
(FESEM, JEOL JSM-6700F, JEOL, Peabody, MA, USA) with energy-dispersive X-ray spectroscopy (EDX).
The morphology imaging was carried out at 5 k magnification with an accelerating voltage of 12 kV and
a working distance of 12.1 mm. TEM observations of precipitates were performed on selected samples,
using a transmission electron microscopy (TEM, JEM2100F, Akishima, Japan) at 200 kV. Fourier
transform infrared (FTIR) spectroscopy (Perkin Elmer Spectrum GX, Shelton, CT, USA) was carried out
to study the sample’s structure using a diffuse reflectance infrared Fourier transform accessory (DRIFT)
equipped with a heating cartridge. The pore textural characterizations of the samples were measured
by a volumetric sorption analyzer (Micromeritics ASAP 2020, Micromeritics Instrument Corporation,
Norcross, GA, USA). An adsorption/desorption isotherm of nitrogen gas was recorded at −196 ◦C and
the pore size distribution was investigated by using the Barrett–Joyner–Halenda (BJH) model for the
specific surface area and pore volume of the samples. The thermal conductivity absolute value was
directly determined by a thermal conductivity probe (Mathis Instruments Ltd., Fredericton, Canada).

3. Results and Discussion

3.1. Structural Analysis

XRD patterns of the SiOC samples are shown in Figure 1. The patterns correspond to an amorphous
Si–O–C material feature with disordered carbon and with broad (002) and (100) at 2θ angles of 22.5◦ and
44◦, respectively [26,27]. The peak at 44◦ is involved with small graphene sheets, and the peak at 22.5◦
means small graphene sheets stacked with random rotations or translations [27]. Raman spectra are also
provided in Figure 2 for comparison. The Raman spectra of the prepared samples show the presence
of two peaks at 1350 and 1582 cm−1, corresponding to D- and G-bands. The relative intensity/area ratio
of D- and G-bands can be used to analyze the carbon material’s structure. The G-band is a reflection of
the presence of sp2 carbon–carbon bond hybridization within a graphitic ring structure, whereas the D
band reflect a disordered carbon structure. It can be seen that the G band of these samples is broader
than the D band, indicating the high graphitized carbon structure in these samples [28,29].

 
Figure 1. X-ray diffraction patterns of the silicon oxycarbide (SiOC) samples.
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Figure 2. Raman spectra of the silicon oxycarbide (SiOC) samples.

3.2. Morphology and Composition Analysis

Figure 3 shows the field emission scanning electron microscopy (FESEM), TEM images, and
EDX spectra of the prepared samples. Figure 3a shows that the floating mass sample contains a
rough surface with irregular patches. Figure 3b, on the other hand, shows that the water cabbage
sample contains a randomly distributed and overlapped structure. Contradictorily, Figure 3c shows
an interconnected three-dimensional layered material for the water caltrops sample. Apart from the
overall view by FESEM, all TEM images showed that these samples contained ordered hexagonal pore
arrays with the majority of pores less than 1 nm.

The quantitative analysis was carried out with using energy dispersion analysis to determine
the atomic ratios of C, O, and Si in these samples. As shown in Figure 3, the samples contain no
contaminations other than C, O, and Si elements. Table 1 shows that the atomic ratios of C, O, and Si
of the samples are 1:0.29:0.06, 1:1.13:0.48, and 1:2.24:1.07, respectively for the floating moss, water
cabbage, and water caltrops samples. It is apparent that the element oxygen plays an important role to
form structural layering. The surface roughness of the samples reduces with a decrease in the ratio of
carbon/oxygen. The respective layers of water caltrops sample display a parallel arrangement due to
the low ratio of carbon/oxygen. Shen et al. [30] reported that the surface structure becomes rougher
when there is a deprivation of epoxide and hydroxyl groups, as well as a high C/O ratio.

(a)

Figure 3. Cont.
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(c)

Figure 3. Field emission scanning electron microscopy (FESEM), transmission electron microscopy
(TEM) and energy-dispersive X-ray spectroscopy (EDX) images (from left to right) of (a) Floating moss
sample; (b) Water cabbage sample; and (c) Water caltrops sample.

Table 1. The C, O, and Si contents of the samples obtained by energy-dispersive X-ray spectroscopy
(EDX) analysis.

Atomic Ratios

Sample C O Si

Floating moss 1 0.29 0.06
Water cabbage 1 1.13 0.48
Water caltrops 1 2.42 1.07

3.3. Fourier Transform Infrared Spectroscopy (FTIR) Spectra

Figure 4 shows the FTIR spectra of the SiOC samples. Before the IR spectra analysis, the adsorbed
water was removed by heating to 250 ◦C to advance the understanding of the functional group
properties. The stretching vibration of siloxane bond (Si–O–Si) and the Si–O stretching vibration of the
silanol group appear weak at 800 cm−1 and 972 cm−1, individually [31,32]. The asymmetric vibration
of the Si–O–Si obviously appears at 1100 cm−1 [33] for water cabbage and water caltrops samples.
However, in the floating moss sample, the Si–O–Si asymmetric vibration sharply reduces, due to the
low amount of O and Si present in the structure. In addition, the floating moss sample has the lowest
amount of hydroxyl groups, indicated by the low peak at 3450 cm−1. The water caltrops sample has
the highest amount of hydroxyl groups. The amount of hydroxyl groups corresponds to the particle
size from FESEM morphology in which the floating moss sample with the lowest amount of hydroxyl
groups has a larger particle size compared to the water cabbage and water caltrops samples. It is
speculated that the particle size of the floating moss sample is larger as the hydroxyl groups of the
sample may generate some surface charge, thus resulting in agglomeration [34].
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Figure 4. Fourier transform infrared (FTIR) spectra of the silicon oxycarbide (SiOC) samples.

3.4. Porosity and Surface Area Study

Figure 5a shows the nitrogen adsorption–desorption isotherms of the prepared samples. There is
a very slow increase in N2 adsorption up to 0.80 of the relative pressure (P/P0) before the sharp rise in
the adsorbed volume when capillary condensation occurred. A H2-type hysteresis loop consisting
of a triangular shape and a steep desorption branch of the isotherms can be found, indicating the
existence of highly meso-pores with narrow mouths and wider bodies (ink-bottle pores) [35]. Figure 5b
shows the corresponding pore size distributions of the prepared samples. There is a narrow pore size
distribution centered at around 2.75 nm with a small meso-pore part in the floating moss sample and
water cabbage sample. In addition, the water caltrops sample has the most porous structures with
pore diameters ranged from 4 to 32 nm, indicating that it belongs to hierarchical porous structure.
Table 2 shows the specific surface area, pore volume, and average pore diameter calculated using the
Barrett–Joyner–Halenda (BJH) equation.

 
(a) 

Figure 5. Cont.
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Figure 5. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distributions of the silicon
oxycarbide (SiOC) samples.

Table 2. Textural characterization for the silicon oxycarbide (SiOC) samples.

Sample
Vpore

(cm3 g−1)

SBET

(m2 g−1)

Dp

(nm)

Thermal
Conductivity
(Wm−1 K−1)

Floating moss 0.40 894.81 7.00 6.55
Water cabbage 0.49 565.21 6.04 2.46
Water caltrops 0.63 213.00 4.75 1.14

The pore volumes (Vpore) of the floating moss, water cabbage, and water caltrops samples are
respectively 0.4, 0.49, and 0.63 cm3 g−1. The Brunauer–Emmett–Teller (BET) specific surface areas (SBET)
of the floating moss sample is greater than the water cabbage and water caltrops samples. The BJH
adsorption-average pore diameters (Dp) are 7.00, 6.04, and 4.75 nm, respectively, for the floating moss,
water cabbage, and water caltrops samples. The texture properties of the prepared samples agree with
the surface morphology results in which the floating moss sample having the largest grain size has the
lowest pore volume and largest pore diameter.

3.5. Thermal Conductivity

The thermal conductivities of these samples were studied using Yang et al.’s method [36].
The thermal conductivities of these samples are shown in Table 2 and compared with other literature
in Table 3. As we can see, the thermal conductivity of the floating moss sample is the highest among
these samples due to lowest pore volume and larger grain size [12]. The water caltrops sample has
the lowest thermal conductivity among these samples, indicating that the surface hydroxyl groups
on silica reduced the thermal conductivity of the sample due to the increased amount of voids [37].
Eom et al. [38] also reported that the equivalent porosity is the reason for low thermal conductivity.
Thermal conductivity of these SiOC samples reduces in the order of floating moss (6.55 Wm−1 K−1),
water cabbage (2.46 Wm−1 K−1), and water caltrops (1.14 Wm−1 K−1). However, when compared
with other literature (Table 3), the thermal conductivity of our floating-plant derived SiOC samples is
considerably higher and comparable with those made from chemical feedstock. It is also a key finding
that the surface hydroxyl groups on silica decreases the thermal conductivity. Nevertheless, among the
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three floating plants: floating moss, water cabbage, and water caltrops, the floating mass plant is the
candidate with the most potential to replace the use of chemical precursors in making SiOC.

Table 3. Comparison of thermal conductivity with other literature.

No Precursors Method
Thermal Conductivity

(Wm−1 K−1)
References

1 Silicon oxide carbide powders Pyrolysis 1.8~2.7 [12]
2 Alkoxy silane Sol–gel 0.041~0.078 [13]

3 Polysiloxane pyrolysis residue, and
barium isopropoxide Pyrolysis 1.8~5.6 [18]

4 Commercial poly(methylsilsesquioxane) starting
polymer and zirconium acetylacetonate Pyrolysis 2 [16]

5 Silicon oxycarbide (SiOC) powders
Spark

plasma
sintering

1.38 [17]

6 Floating plants Pyrolysis 1.14~6.55 This paper

4. Conclusions

In this study, silicon oxycarbide materials were synthesized via a simple and low-cost method
from floating plants. Three floating plants: floating moss, water cabbage, and water caltrops were
used as the precursors of the SiOC powders. XRD shows the amorphous Si–O–C material structure
as the major phase. The morphologies and textural properties of the SiOC samples were porous
micro-structures. The maximum thermal conductivity of the prepared samples in this study was found
to be 6.55 Wm−1 K−1 from floating moss. The surface hydroxyl groups of the SiOC samples may have
possibly reacted with the silica atom, resulting in interconnecting bonds and thus larger grain size
which enhances the thermal conductivity. Overall, the results demonstrated the feasibility of using
floating plants as the precursor in making SiOC powder with high thermal conductivity via a facile
and low-cost procedure, making it a suitable process for industrial applications.
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Abstract: The generation of municipal solid waste (MSW) is increasing globally every year, including
in Malaysia. Approaching the year 2020, Malaysia still has MSW disposal issues since most waste
goes to landfills rather than being utilized as energy. Process network synthesis (PNS) is a tool
to optimize the conversion technologies of MSW. This study optimizes MSW conversion technologies
using a PNS tool, the “process graph” (P-graph). The four highest compositions (i.e., food waste,
agriculture waste, paper, and plastics) of MSW generated in Malaysia were optimized using a P-graph.
Two types of conversion technologies were considered, biological conversion (anaerobic digestion)
and thermal conversion (pyrolysis and incinerator), since limited data were available for use as
optimization input. All these conversion technologies were compared with the standard method
used: landfilling. One hundred feasible structure were generated using a P-graph. Two feasible
structures were selected from nine, based on the maximum economic performance and minimal
environmental impact. Feasible structure 9 was appointed as the design with the maximum economic
performance (MYR 6.65 billion per annum) and feasible structure 7 as the design with the minimal
environmental impact (89,600 m3/year of greenhouse gas emission).

Keywords: optimization; P-graph; municipal solid waste conversion technology

1. Introduction

Municipal solid waste (MSW) is material arising from human activities. It is generated commonly
from different areas such as residential, commercial, and institutional zones, as well as public parks [1].
The generation of MSW is drastically increasing globally every year, by a factor of 2.6 [2]. In 2016,
the world’s MSW generated was around 2.01 billion tons, and this figure is expected to increase
to 3.40 billion tons by 2050 [3].

In Asia, MSW generation is expected to reach 1.8 million tons every day in 2025, as more than
1 million tons of MSW is currently being generated every day [4]. Based on a survey conducted
by the Malaysian government, MSW generation in Malaysia has increased from 23,000 tons/day in 2008
to 33,000 tons/day in 2012 [5]. The increases of MSW generation in Malaysia are caused by three
significant factors: (i) the rapid increase in population; (ii) accelerated urbanization; and (iii) increased
industrialization processes [6]. The total population of Malaysia in 2017, as mentioned by the World
Bank [7], was 31.62 million. As the population increases, the per capita generation rate also increases.
For Malaysia, the MSW per capita generation rate range was of 0.6–0.8 kg per capita per day between
2001 and 2005 [8]. This number is expected to increase to double digits by the year 2020 [9]. Based on
the World Bank’s report, the waste generation per capita in Malaysia increased by up to 1.00–1.49 kg

Processes 2019, 7, 752; doi:10.3390/pr7100752 www.mdpi.com/journal/processes



Processes 2019, 7, 752

per capita per day by September 2018 [3]. At present, 54% of the world’s population lives in urban
areas, and this percentage will increase to 66% or more by 2050 [10].

Increasing MSW generation has become the most prominent environmental issue as MSW may
contain dangerous substances that are harmful to our ecosystem and increase the potential risk
to our health. MSW must be appropriately disposed of and managed efficiently. Many significant
environmental issues may arise from this kind of waste, such as the generation of greenhouse gases
(GHGs) released from MSW. Besides, the increasing number of landfills can increase the numbers
of rodents and insects that may cause diseases to humans. In recent years, more landfill sites are needed
to dispose of all the MSW generated [11]. The main issue we face this traditional disposal method is
shortage of landfill sites inland [12]. An essential component of a healthy society and a sustainable
environment is an efficient waste management system [13].

The main purpose to manage MSW efficiently include reducing (i) the amount of MSW generated,
(ii) the impact on the environment with a lower cost of disposal of MSW, and (iii) the impact
on human health [14]. In MSW management in developing countries, five typical problems can be
identified: (i) inadequate service coverage, (ii) operational inefficiency of services, (iii) limited utilization
of recycling activities, (iv) poor management of non-industrial hazardous waste, and (v) shortage
of landfill disposal sites [15]. The present waste management method in Malaysia depends on
landfill [11]. Only 5.5% of MSW is recycled and 1% is composted, while the remaining waste goes
to landfill [16]. Currently, there are 174 landfills around Malaysia [14]. The recycling rate increased
from 5.5% in 2009 to 10.5% in 2012 [17]. Malaysia’s recycling rate was 17.5% in 2016, which is still far
from the target of 22% by 2020 [18].

One method to solve problems related to landfills is to introduce sustainable and efficient waste
management [6]. Integrated waste recycling and various conversion technologies could be effective waste
management strategies [19]. There are several steps in sustainable and efficient waste management [20].
Possible waste generation and their conversion technologies are illustrated in Figure 1.

Figure 1. Possible waste generation relationship between their conversion technologies, reproduced with
permission from [20]. Copyright Elsevier, 2017.

Based on Figure 1, there are many pathways for conversion technologies to manage MSW after
it is collected from residences and processed before being sent to landfills. The three main steps
to handle MSW are (i) the collection and transportation of MSW; (ii) the treatment and processing
of MSW; and (iii) its final disposal [21]. Each stage has its own investment cost, operating cost,
and energy recovery.

However, there are pros and cons to each conversion technology. It is useful to utilize analytical tools
to synthesize a promising waste management strategy [22]. There are limited studies on the performance
of conversion technology in the context of Malaysia. The optimization of MSW conversion technology will
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help decide the most favorable and useful method and pathway in managing MSW. Through optimization,
we can introduce combined conversion technology to manage Malaysia’s MSW.

A process network synthesis (PNS) problem is defined as specifying the raw materials, operating
units, and desired products in chemical engineering problem, for example the conversion technologies
problem. The PNS problem was developed as a mathematical model in which variables correspond
to decisions, such as input and output flow rates, with a limitation corresponding to the mathematical
description of the optimization criterion such as the material balance objective function [23].
The common problems in a PNS are (i) the reaction pathway; (ii) process design; (iii) the heat
exchangers network; (iv) the water integration system; and (v) the separation unit [24]. The process
graph, best known as the P-graph, is one method to solve the PNS problem [25]. The P-graph
is a graphical optimization which is available in the software P-Graph Studio [26]. The P-graph
is a bi-graph, meaning that its vertices are in disjunctive sets and there are no edges between
vertices in the same set [27]. The vertices of the P-graph are denoted as the operating unit (O) and
the material (M). This P-graph represents the material flow between the material and the operating
unit. The P-graph methodology was originally developed for PNS problems in chemical engineering
applications. The P-graph methodology is based on five axioms [28], as follows:

1. Every final product is represented in the graph.
2. A vertex of material/energy type (M-type) has no input if and only if it represents a raw material.
3. Every vertex of operating type (O-type) represents an operating unit defined in the synthesis problem.
4. Every vertex of O-type has at least one path leading to a vertex of the M-type representing

a final product.
5. If a vertex of the M-type belongs to the graph, it must be input to or output from at least one

vertex of the O-type in the graph.

To summarize, the P-graph methodology is composed of the following algorithms: (i) maximal
structure generation (MSG); (ii) solution structure generation (SSG); and (iii) accelerated branch and
bound (ABB) [29]. The MSG algorithm identifies a network structure, which is the union of all possible
solution structures of the problem. It can be generated in polynomial time using the information
specified in the five axioms. The SSG algorithm generates all combinatorically feasible solution
structures or networks. Each solution is a subset of the maximal structure and represents a potential
network configuration for the PNS problem. The ABB algorithm identifies the optimal structure based
on the solution structures, in conjunction with additional problem-specific information.

The P-graph framework enables rigorous model building and the efficient generation of optimal
solutions [29]. The PNS problem primarily utilizes unique information. The P-graph is known as
a user-friendly decision-making tool for PNS. This helps in better design and better operations that lead
to (i) lower capital and operating cost (CAPEX and OPEX); (ii) higher profitability through increased
output and better quality of the product; (iii) reduced technology risk; and (iv) better health, safety,
and environmental requirements. These factors may thus help in optimizing MSW conversion technology.

The main objective of optimization is maximizing the efficiency of production by minimizing
the cost of production. Therefore, it is essential to optimize MSW conversion technologies using
a process graph to evaluate the selected pathway. Table 1 shows different types of optimization models
for solid waste management based on previous studies. Data are tabulated based on the optimization
method used, the objective of the study, the focus of the study, and the optimization of economic
performance (EP) and environmental impact (EI).
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Table 1. Optimization models for solid waste management.

Method References Objectives
Focus Optimization on

Energy System Waste Management Economy Environment

Linear Programming [30,31]
To maximize

the economic utility
of energy consumers

/ /

Mixed Integer Linear
Programming [32]

To determine
the optimal

processing network
waste-to-energy

system

/ / /

Non-Linear
Programming [33]

To maximize profit,
while minimizing

waste through source
reduction

/ /

Hybrid Model [34]

Multi-objective
programming and
cost–benefit criteria
on global warming

impact in waste
management

/ / /

P-graph Model [35]
To utilize organic and

dry fractions
of municipal waste

/ / / /

Although there are various models for optimizing MSW conversion technologies, we still cannot
manage MSW efficiently in Malaysia, as there are no integrated conversion technologies for solid waste
treatment. Therefore, this study aimed to simulate the feasibility of MSW conversion technologies
and analyzed the EP and EI of MSW conversion technologies. The study framework was based
on the following factors:

1. Type of resources;
2. Type of product;
3. Selection of conversion technologies;
4. Generation of GHGs;
5. Capital and operating expenses of conversion technologies.

The proposed processing network was designed using the P-graph model. There are a few types
of MSW conversion technologies, including landfill, anaerobic digestion, incineration, and pyrolysis.
The selected optimized conversion technology for MSW was then further assessed with respect to the
impacts on feedstock and products on GHG emissions, demand, and prices. Two different scenarios
were considered in this case study, which was designed for maximum EP and design for minimal EI.

2. Materials and Methods

Figure 2 shows the intracellular synthesis procedure for the process graph (P-graph). The procedure
starts with the identification of materials and streams to yield the optimal MSW conversion
technology network.

The intracellular synthesis procedure started with the identification of materials, streams,
and operating units. After that, data input was required to generate the maximal superstructure and
solution structure. The procedure ended with an optimal MSW conversion technology network.
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Figure 2. Intracluster synthesis procedure for the process graph (P-graph), reproduced with permission
from [36]. Copyright Elsevier, 2010.

2.1. Identification of Materials and Streams

This step produced the details for the inputs and outputs of the system. In this study, there were
four types of process feedstock. There are six types of outputs or products, along with their intermediate
products, as illustrated in Figure 3.

Figure 3. Superstructure for process flow managing MSW in this case study.

Figure 4 shows the circle nodes for the materials and the directed arrows represent as the streams.
The number attached on the arrow signifies the consumption or production rate that represents
the relationship between a material and an operating unit. Table 2 shows the list of raw materials,
intermediate products, and products of the conversion technologies.
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Figure 4. Graphical representation of materials in P-graph.

Table 2. Materials and products for the P-graph.

Symbols P-graph Classification Description

1 Agricultural_Waste Raw Material Agricultural waste
2 Ash Intermediate Product Ash from plastic and paper in incinerator
3 Bio_Char Output Bio char

4 Biogas Intermediate Product Biogas production for anaerobic digestion
of food and agriculture waste

5 Combustible_Gas Intermediate Product Combustible gas from plastic and paper
in incinerator and pyrolysis

6 Digestate Intermediate Product Digestate of food and agriculture waste
7 Electricity Output Electricity generated
8 Food_Waste Raw Material Food waste
9 GHG_Emission Output Greenhouse gas emission
10 Heat Output Heat generated
11 Liquid_Fertilizer Output Liquid Fertilizer
12 Paper Raw Material Paper
13 Plastic Raw Material Plastic
14 Solid_Fertilizer Output Solid fertilizer
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2.2. Identification of Operating Units

For this case study, 11 operating units were included in the flowsheet-generation problem shown
to be solved algorithmically with P-graphs in Table 3. For this case study, anaerobic digestion, incineration,
and pyrolysis were identified as the MSW conversion technologies in the model as an operating unit.
The relationships between raw materials and operating units involved are shown in Figure 3.

Table 3. List of operating units for the P-graph.

Symbols P-graph Classification Description

1 Boiler Operating Unit Boiler of combustible gas from incinerator and
pyrolysis of plastic and paper

2 Digester_1 Operating Unit Anaerobic digester for food waste
3 Digester_2 Operating Unit Anaerobic digester for agricultural waste

4 Gas Turbine_1 Operating Unit Gas turbine for anaerobic digestion of food and
agriculture waste

5 Incinerator_1 Operating Unit Incinerator for paper
6 Incinerator_2 Operating Unit Incinerator for plastic
7 Landfill_1 Operating Unit Landfill for MSW
8 Landfill_2 Operating Unit Landfill for from incinerator of plastic and paper

9 Pre-Treatment Operating Unit Pre-treatment of digestate for anaerobic digestion
of food and agriculture waste

10 Pyrolysis_1 Operating Unit Pyrolysis of paper
11 Pyrolysis_2 Operating Unit Pyrolysis of plastic

2.3. Input Data for Waste and Related Conversion Technologies

For this study, four types of MSW were chosen, based on the largest MSW composition generated
in Malaysia: food waste, agricultural waste, plastics, and paper. The composition of MSW is shown
in Table 4. Organic waste is the main component of MSW in Malaysia, representing up to 50% of the
total waste.

Table 4. Composition generation of MSW in Malaysia [5].

Type of Municipal Solid Waste Composition of Municipal Solid Waste (%)

1 Food Waste 44.5
2 Plastics 13.2
3 Diapers 12.1
4 Paper 8.5
5 Agriculture Waste 5.8
6 Glass 3.3
7 Cloth 3.1
8 Steel/Metal 2.7
9 Rubber 1.8
10 Other 5.2

The study was conducted using data based on a literature review of MSW generation and MSW
conversion technology. Data used were based on different studies and resources. The three types
of conversion technologies considered in this case were pyrolysis, incineration, and anaerobic digestion,
as limited data were available to be used for the optimization process. All these technologies were
compared with the common method of MSW disposal in Malaysia, which are landfills. The allocation
of waste to conversion technologies is illustrated in Table 5.

Both types of organic waste (i.e., food and agricultural) undergo an anaerobic digestion process.
For inorganic waste, plastics and paper undergo two thermal treatments pyrolysis and incineration.
After treatment, all waste is disposed of in landfills.
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Table 5. Waste allocation to conversion technology.

Food Agriculture Plastics Paper

Anaerobic Digestion / /
Incineration / /

Pyrolysis / /
Landfill / / / /

2.4. Optimization of Superstructure

The results of the solution structure generated from the previous step are then utilized in the
selection of an optimal network using the solution structure generation and linear programming
(SSG + LP) algorithm, allowing for the design of optimal process networks based on the solution
structures in conjunction with additional problem-specific information, such as flow rates and costs.
Consequently, the solution that provides the selected pathways with the best and near-optimum
solutions is obtained, as shown in Figure 5. The selected optimized conversion technology for MSW
was then further used to access the impacts on feedstock and products on GHG emissions, demand,
and prices. Two different scenarios were considered: scenario 1: a design for maximum EP; and scenario 2:
a design for minimal EI.

Figure 5. A P-graph representation of the municipal solid waste process network.

3. Results and Discussion

One hundred feasible structures were generated using the P-graph with the SSG + LP algorithm.
The SSG generates all combinatorically, feasible solution structures or networks. Each solution
is a subset of the maximal structure and represents a potential network configuration for the PNS
problem. The LP is the process of finding the best solution under specific conditions.

Of the 100 feasible structures generated, nine were selected to identify and analyze their EP
and EI. These nine feasible structures convert all types of waste into the final products. Four types
of MSW (food waste, agriculture waste, plastics, and paper) were converted using three different types
of conversion technologies (i.e., anaerobic digestion, incineration, and pyrolysis) to generate six main
products, i.e., solid fertilizer, liquid fertilizer, heat, electricity, GHGs, and biochar.
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3.1. Comparison of Different Feasible Structures

Figure 6 shows the profit generated for each feasible pathway. The profit generated was calculated
by the total gain of the product minus the total cost of raw materials. The highest profit generated was
feasible in structures 7 and 9. Both these feasible structures gave the same profit value, which was
MYR 6.65 billion per annum. However, as shown in Table 6, feasible structure 7 did not generate two
products: electricity and heat. The products generated by feasible structure 7 were solid fertilizer,
liquid fertilizer, GHGs, and biochar; while feasible structure 9 generated all six products: solid and
liquid fertilizers, heat, electricity, GHGs, and biochar.

Figure 6. Economic analysis for each feasible structure.

Table 6. Products generated by each feasible structure.

Product

Electricity Heat Solid Fertilizer Liquid Fertilizer GHG Emission Biochar

Feasible Structure 1 / / / /
Feasible Structure 2 / / / / / /
Feasible Structure 3 / / / /
Feasible Structure 4 / / / / / /
Feasible Structure 5 / / / /
Feasible Structure 6 / / / / / /
Feasible Structure 7 / / / /
Feasible Structure 8 / / / /
Feasible Structure 9 / / / / / /

The lowest profit was generated by feasible structure 1. The value gained from the product was
much lower than the cost of raw materials. The cost of the raw materials was MYR 746 million, while
the value gained from the product was MYR 301 million. There was around a 59.7% loss from this
feasible structure because no fertilizer was generated from the digestate (a by-product of anaerobic
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digestion), as anaerobic digestion has a massive conversion of around 75% from raw materials
to digestate before undergoing treatment to convert it into two types of fertilizer: solid and liquid.

For each feasible structure, at least five types of operating units were used. For a feasible structure
that generates electricity and heat, at least one operating unit involved either a boiler or a gas turbine.
For the generation of liquid and solid fertilizers, the digestate must undergo pre-treatment before it can
be sold as products. Table 7 shows the operating units that affected the volume of GHGs generated.
The GHG emissions were generated from landfills, gas turbines, and boilers. From landfills, 0.1605 m3

GHGs per ton of MSW were released into the surroundings. The different types of technology involved
in converting MSW gives a different ratio of GHG emissions produced.

Table 7. Operating units that affected the volume of GHG emissions.

Landfill_1 Landfill_2 Boiler Gas_Turbine

Feasible structure 1 / / / /
Feasible structure 2 / / / /
Feasible structure 3 / /
Feasible structure 4 / /
Feasible structure 5 / / /
Feasible structure 6 / / /
Feasible structure 7 /
Feasible structure 8 / /
Feasible structure 9 /

The lowest three structures that generated GHGs were feasible structures 7, 8, and 9 with values
of 89,600, 140,000, and 16,500 m3/year as shown in Figure 7. The GHGs generation was affected by
only one piece of operating equipment for feasible structures 7 and 9. Since the conversion of GHG
emissions from boilers was only 0.1 m3 per combustible gas, the generation of GHGs for feasible
structure 9 was lower than for feasible structure 7, which was affected by the generation of GHGs from
landfills as mentioned earlier. Although feasible structure 8 had two pieces of equipment that affected
the generation of GHGs, it was one of the top three feasible structures with a low generation of GHGs.
Comparing feasible structures 3 and 4, both had a lower generation of GHGs because both used a gas
turbine that affected their GHG generation. The gas turbine had a higher conversion of GHG emission,
which was 0.505 m3 per biogas. The highest GHG volumes were generated from feasible structures 1,
2, 5, and 6. All these feasible structures used three to four operating units, which affected the volume
of GHGs generated.

 

Figure 7. Generation of greenhouse gas for each feasible structure.
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3.2. Scenario 1: Maximum EP

Feasible structure 9, as shown in Figure 8, was selected as the structure with the maximum EP.
Based on Figure 6, the maximum EP of the selected pathways was estimated to be MYR 6.65 billion
per annum or considering the total population of Malaysia in 2017, as mentioned by the World
Bank [7] (31.62 million), it was estimated to be MYR 210 per person. For this feasible structure,
both organic wastes (i.e., food and agriculture waste) underwent anaerobic digestion in operating
units Digester_1 and Digester_2, which produced biogas and digestate. The digestate was separated
into two types of fertilizer, liquid and solid, after pre-treatment. However, biogas did not undergo
further treatment to convert it into electricity and heat. Plastics were burned in operating unit
Pyrolysis_2 to be converted into biochar. Paper was burned in Incinerator_1 to produce both ash and
combustible gas. The combustible gas was used in the boiler to convert it into electricity and heat.
From this feasible structure, GHGs were produced from the boiler. The highest EP yield products,
which were electricity, heat, solid fertilizer, liquid fertilizer, GHG emissions, and biochar, had flow
rates of 82,700 kWh/year, 215,000 J/year, 1,030,000 tons/year, 4,110,000 tons/year, 33,100 m3/year,
and 795,000 tons/year, respectively.

Figure 8. Feasible structure with the maximum economic performance.

The capital cost for a year was estimated to be MYR 123,587,000,000. This capital cost value is
for the first year only. The profit margin was calculated as the net profits divided by the revenue.
The profit margin for this feasible structure was 89.9%. The payback period of this pathway was
16.7 years. The payback period was calculated to identify the time required to earn back the investment
money on the project.

3.3. Scenario 2: Minimal EI

Feasible structure 7, as shown in Figure 9, was selected as the structure with the minimal EI.
Based on Figure 6, the minimal EI of the selected pathways was estimated to be MYR 6.65 billion
per annum or considering the total population of Malaysia in 2017 as mentioned by the World Bank
(31.62 million), it was estimated to be MYR 210 per person. This selected feasible structure was the same
as the feasible structure of the maximum EP. However, feasible structure 7 produced less GHGs as
GHGs are emitted only from landfills. For this feasible structure, both types of organic waste, food and
agriculture waste also underwent anaerobic digestion in operating units Digester_1 and Digester_2,
which produced biogas and digestate. The digestate was again separated into two types of fertilizer,
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liquid and solid, after pre-treatment. However, biogas did not undergo further treatment to convert it
into electricity and heat. Plastics were also burned in operating unit Pyrolysis_2 to be converted into
biochar. Paper was burned in Incinerator_1 to produce both ash and combustible gas Combustible
gas was not converted into electricity and heat, and ash was removed to landfills. From this feasible
structure, GHG emissions were produced from landfills only. The highest EP yield products were
solid fertilizer, liquid fertilizer, GHG emissions, and biochar at flow rates of 1,030,000 tons/year,
4,110,000 tons/year, 89,600 m3/year, and 795,000 tons/year, respectively.

Figure 9. Feasible structure with the least environmental impact.

4. Conclusions

In this study, for the feasibility of MSW conversion technologies by PNS, “process graphs”
were simulated. One hundred feasible structures were generated and nine of these were selected
randomly for further analysis. Next, the EP and EI of the MSW conversion technologies were analyzed.
Feasible structure 9 was chosen as the design with the maximum EP, with a total annual profit gain
of MYR 6.65 billion, requiring up to 16 years as the payback period, with a constant flow of products.
Feasible structure 7 was chosen as the design with the minimal EI, generating 89,600 m3/year of GHGs
for the whole of Malaysia.

Further studies should be conducted using a real case study. This method of study would be
more convenient for optimizing a small case study, focusing primarily on a district rather than on
the whole country. This study was a feasible-structure-based preliminary study to treat MSW in the
whole country. For example, the payback period of conversion technologies could take up to 16 years
because of the high cost of developing conversion technologies to manage the whole country’s MSW.
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Abstract: The marine controlled-source electromagnetic (CSEM) technique is an application of
electromagnetic (EM) waves to image the electrical resistivity of the subsurface underneath the seabed.
The modeling of marine CSEM is a crucial and time-consuming task due to the complexity of its
mathematical equations. Hence, high computational cost is incurred to solve the linear systems,
especially for high-dimensional models. Addressing these problems, we propose Gaussian process
(GP) calibrated with computer experiment outputs to estimate multi-frequency marine CSEM profiles
at various hydrocarbon depths. This methodology utilizes prior information to provide beneficial
EM profiles with uncertainty quantification in terms of variance (95% confidence interval). In this
paper, prior marine CSEM information was generated through Computer Simulation Technology
(CST) software at various observed hydrocarbon depths (250–2750 m with an increment of 250
m each) and different transmission frequencies (0.125, 0.25, and 0.5 Hz). A two-dimensional (2D)
forward GP model was developed for every frequency by utilizing the marine CSEM information.
From the results, the uncertainty measurement showed that the estimates were close to the mean.
For model validation, the calculated root mean square error (RMSE) and coefficient of variation (CV)
proved in good agreement between the computer output and the estimated EM profile at unobserved
hydrocarbon depths.

Keywords: multiple frequency marine controlled-source electromagnetic technique; Gaussian process;
uncertainty quantification; computer experiment, electromagnetic profile estimation

1. Introduction

Nowadays, the controlled-source electromagnetic (CSEM) technique is a significant application
to detect and discover hydrocarbon-filled reservoirs based on the principles of electromagnetic
(EM) propagation. For decades, CSEM application has been widely exercised in onshore geophysical
exploration (e.g., [1,2]). The efficiency of this application to characterize offshore hydrocarbon reservoirs
has also been proven by many oil and gas companies around the world. Li and Key [3] stated that at
early stage, marine CSEM application was employed to study the electrical conductivity of the upper
mantle and oceanic crust (e.g., [4–8]). Studies related to the commercial application of the marine
CSEM technique in offshore hydrocarbon exploration can be found in [9–17]. Previously, the seismic
sounding survey, which employs acoustic waves, was solely utilized to map geological structures that
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have different acoustic properties [18]. This survey was very important to hydrocarbon exploration
due to its capability of providing information of the subsurface. According to [19], seismic data
interpretation provides good resolution of the subsurface structures underneath the seabed; however,
it has deficiencies. It is said that seismic surveys are unable to distinguish the fluid content inside
the reservoirs, whether brine (conductive seawater) or hydrocarbon. Zaid et al. [18] mentioned that
seismic sounding is not compatible to the direct detection of the pore fluid reservoirs. Note that EM
and seismic techniques are sensitive to two different properties of subsurface; thus, the marine CSEM
technique was developed as a complementary interpretational tool to specifically characterize the
target reservoirs.

The marine CSEM technique also is referred to as a seabed logging (SBL) application. This is
thoroughly described by [10]. This application is particularly able to reduce ambiguities in data
interpretation in hydrocarbon exploration. Andreis and MacGregor [16] stated that by studying the
reflected EM signal, resistive mediums such as hydrocarbon, gas, and hydrate can be discovered
to depths of several kilometers from the seabed. In addition, the resistivity of the subsurface in
offshore environments is commonly identified by robust anisotropy because of the sedimentation
factor [20]. Note that for a medium that is horizontally stratified, the subsurface is generally less
resistive in the horizontal (parallel) direction than in the vertical (perpendicular) direction [20]. Offshore
hydrocarbon reservoirs are normally embedded in a high conductive medium unlike the common
case of onshore hydrocarbon reservoirs [21]. Hydrocarbon-filled reservoirs are known to have very
high electrical resistivity compared to its surroundings, such as of saline water and sedimentary
rocks. These structures are very conductive. From [22], hydrocarbon is known to have electrical
resistivity between 30 and 500 Ohm meter, whereas the resistivity values of seawater and sediment are
0.5–2 Ohm meter and 1–2 Ohm meter, respectively. If a target reservoir is brine saturated, it is normally
a few orders of magnitude less electrically resistive than a hydrocarbon-filled reservoir. From these
characteristics, the resistivity of the subsurface can be resolved via data of electric (E-) and magnetic
(H-) fields obtained from the marine CSEM survey. The measurement of amplitude and phase of E-
and H- fields can be utilized to determine the geological subsurface. Li and Key [3] mentioned that the
amplitude and phase of an EM field will vary depending on the resistivity of the structures beneath
the seabed, the depth of seawater, and the source–receiver offset.

In the marine CSEM technique, data collected can be interpreted in two different groups
depending on the domain—either in time-domain or frequency-domain. Analyzing data in time-
or frequency-domains would theoretically give the same output/information [23]. Reyes et al. [24]
mentioned that frequency-domain marine CSEM is normally used for the case of oil prospecting.
In the frequency-domain application, an antenna/transmitter of towed EM dipole is generally used to
generate a low-frequency EM field, and returned/reflected signals recorded by receivers placed on the
seabed are utilized for resistivity distribution analysis. The choice of frequency is very crucial in marine
CSEM application. In a standard configuration, marine CSEM surveys use a deep-towed horizontal
electric dipole (HED) transmitter to emit a low-frequency EM wave which is usually between 0.1 Hz
and 10 Hz to an array of seabed receivers, and normally, the transmitter is towed at 30–50 m above
the seabed [25]. Practically, the low-frequency of EM waves is used in a deep water environment as
the signal transmission due to the fact that low-frequency is able to yield farther penetration through
seawater columns into sedimentary rocks. Next, for the receiver, there are two types of receiver
configurations—inline and broadside. Inline configuration is when the separation distance is parallel
to the direction of antenna, whereas broadside is when the source–receiver offset is normal to the
antenna’s direction [26]. Due to the characteristics of subsurface conductivity, EM signals spread with
a higher rate through the seafloor than through the seawater. The EM energy, which is transmitted
from the towed-source, spreads in all directions and is quickly attenuated in conductive medium such
as sediment. The occurrence of all possible signal contributions is depicted in Figure 1.
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Figure 1. Basic layout of marine CSEM application in hydrocarbon exploration. The source is towed
nearly to the seabed receivers. A target reservoir is expected to be embedded in the conductive
sedimentary rocks. The EM signal spreads in all direction through the seawater, air–seawater interface,
and sediment before being recorded by the EM receivers.

Based on Figure 1, the straight-line arrow denotes the direct-wave travelling from the source to the
seabed receiver without any interaction with the geological subsurface beneath the seabed. Researchers
in [27,28] mentioned that direct-wave dominates the data collection at short source–receiver separation
offsets. Next, the dotted-line arrow represents the reflected and refracted wave from the source
upwards to the air–seawater interface and vertically going back through the seawater to the receiver
(i.e., air-wave). This wave travels with high rate of velocity (propagates with no attenuation) to the
water surface since air is an infinitely electrical resistive medium. Seawater depth can influence the
measured EM signal. Air-wave contribution increases as the depth of seawater decreases. Weiss [29]
asserted that this contribution becomes significant in a seawater depth of roughly less than 300 m.
Both these signals, direct- and air- waves, do not contain any information about hydrocarbon-filled
reservoirs. Last signal contribution is denoted as dashed-line arrow. It is known as the reflected and
refracted wave (i.e., guided-wave). This wave diffuses outward from the source through seawater
column and then through the high resistive formations with less attenuation. The transmitted wave has
to enter the formations at certain angle which is between 0◦ and 11◦ in order to set the guided mode [28].
This reflected and refracted wave strongly dominates the recordings at intermediate source–receiver
offsets (~3 to ~8 km). The detection of the guided-wave is the basis of the marine CSEM survey.

In the context of geophysics forward modeling, electrical resistivity has an important role in oil
and gas exploration. Numerical modeling is a crucial component that provides information of the
electrical resistivity of the subsurface. There are various computational techniques exercised in EM
applications such as the Finite Element (FE), the Finite Difference (FD) and the Method of Moment
(MOM) [30], while researchers in [20] have said that FE, FD and integral equation (IE) methods are
among the most famous numerical techniques for modeling EM data. According to [20], the FE method
is more reliable for EM forward modeling in a complex geological structure when compared to FD and
IE methods. Based on the literature, FE is a usual numerical technique exercised in CSEM modeling
for hydrocarbon exploration. This computational method uses unstructured grids that can be easily
conformed to irregular boundaries compared to the FD method. The MOM is less preferred as well in
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marine CSEM data interpretation since this method produces more complex derivations of governing
equations than the FE method. The traditional FD method is easier to implement and maintain than
the FE method, but the method is based on structured grids. This means that grid refinement is not
possible, and hence it affects the overall computational processes [31]. Unstructured grids have long
been exercised in various fields such as engineering and applied mathematics; however, this feature
has only recently been used in the EM geophysical field, as exemplified by the use of FE method
code in marine EM surveys (e.g., [3,32–34]). This feature can realistically replicate the complexities of
geological structures [19].

Even though this numerical technique is very powerful, the ad hoc design of meshes in FE
is time-consuming. Li and Key [3] mentioned that the most time-consuming task in their code
(FE algorithms) is the solutions of the linear equation systems. The study could take a very
lengthy computational time if they used all wavenumbers in the mesh refinement for a full solution.
Bakr et al. [35] also stated that the most time-consuming tasks in FE are evaluating the integrals and
solving the linear equations. For typical simulations, a few million elements are involved in the linear
equation systems [31]. According to [24], the execution of real-field simulations in EM problems
needs the use of high-performance computing (HPC). This is because typical actual executions require
more than hundred thousand realizations which involve millions of degrees of freedom for each
process. The computational and memory requirements to solve such solutions may become a serious
challenge. It can be more complicated for higher-dimensional EM forward modeling and inversion.
Besides forward modeling, inversion is also a powerful way to recover the electrical conductivity
profile beneath the seabed given measurements of EM fields acquired from real-field surveys. Not to
mention, nowadays, inverse modeling comes with robust inversion schemes and incorporation of
more procedures and measurements. This makes it possible to compute the EM fields at the seabed
receivers precisely and provide accurate geometry resolution. However, it is said that inversion
algorithms tend to be computationally expensive due to the forward modeling schemes. Indeed,
an inversion process needs multiple EM forward solutions [35]. Furthermore, in terms of application,
the marine CSEM technique generates huge amounts of data (captured by seabed EM receivers with
a moving HED source); therefore, processing those data has become a challenging task to many
geophysicists [9,36]. Modeling the marine CSEM data is related to the need of accurate representation
of very complex geo-electrical models, and the algorithms used should be powerful and fast enough to
be applied to repeated use of hundreds of iterations and multiple source–receiver positions. In addition,
understanding the noisy CSEM data to quantify the uncertainties involved in EM modeling also is
very crucial. Constable and Srnka [14] stated that the economic challenges (e.g., related to drilling)
increase as the hydrocarbon exploration moves to deeper offshore environments. Thus, any additional
data that can be obtained or collected will be advantageous to the exploration if there is a potential to
de-risk a given expectation [19].

In order to seek the most favorable balance between the computational cost involved in the
interpretation of EM geophysical data and the accuracy of the modeling, our interest is focused on
processing the one-dimensional (1D) frequency-domain marine CSEM data using Gaussian process
(GP) algorithms. We propose GP as a methodology for two-dimensional (2D) forward modeling of
the marine CSEM technique to provide information on EM profiles when hydrocarbon is present at
various depths in isotropic mediums. This forward modeling provides the uncertainty measurement
of the estimation in terms of variance. Although the existing CSEM models (the existing numerical
modeling techniques) provide robust representation of real-field models, this work has significant
contribution for hydrocarbon detection as well. This attempt is very useful and helpful when collected
sets of data in CSEM surveys are insufficient for the interpretation of higher-dimensional modeling
and inversion. This analysis also could reduce time in the CSEM workflow since forward GP modeling
is able to provide uncertainty quantifications without integrating or combining any other numerical
quantifiers. On top of that, there is its simplicity, as GP only involves simple equations which means
faster computation which only needs basic memory space. Note that this analysis utilizes the simulation
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datasets generated through a commercial software, namely, Computer Simulation Technology (CST).
Information of the CST software can be found in [37]. The details and literature of GP application are
thoroughly elaborated in next section.

2. Statistical Background: Gaussian Process in Computer Experiments

Gaussian Process (GP) is random function which has a property that any finite number of
evaluations of the (random) function has a multivariate Gaussian distribution. GP is fully specified by
a mean function, m(x), and a covariance function, k(x, x′). The Gaussian distribution has mean and
covariance values in the forms of vector and matrix evaluations, respectively [38]. Here, x represents
all potential independent variables that influences the outputs/responses. GP is a non-parametric and
probabilistic method for fitting functional forms based on domain observations. It differs from most
of other black-box identification approaches where it does not approximate the modelled system by
fitting the parameters of basis function, but rather searches for relationships among the measured data.
This non-parametric regression method does not need a fixed discretization. This technique is able
to provide predictive mean values and uncertainty of the estimation measured in terms of variance.
This variance reflects the quality of the output/information. It is an important numerical measure when
it comes to distinguishing GP from the other computational intelligence methods. According to [38],
GP is suitable for modeling uncertain processes or data which are unreliable, noisy or contain missing
values. GP has been used in many different applications. Studies related to application of GP in
various fields can be found in [39–45]. In general, prior belief of spatial smoothness is specified through
a covariance defined by similarity characteristics. Training observations are then considered as the
realizations from the updated multivariate Gaussian (i.e., posterior). Thus, the conditional realizations
from the posterior are simply the testing output at all untried or unobserved points. The mathematics
behind this concept are thoroughly explained in the methodology section.

Computer experiments are well-known and not new in science, technology, and engineering.
This medium is getting very popular for solving scientific and engineering problems. Nowadays,
scientists prefer to use computer simulators rather than doing case studies or conducting any related
physical experiments. It can be implemented in any circumstances including experiments that are
impossible to do physically, with shorter time taken than in the real situation. Computer experiments are
run by means of a complex code and highly developed theories of physics, mathematics, and engineering
fields. Sacks et al. [46] described that experimenters usually aim to estimate/predict the output at
unobserved input points, optimize the function of the output points, and calibrate the computer code
to physical data. To this end, [46] and the subsequent works modelled the output of a computer model,
Y(x), based on input x as a sum of regression terms, β j, and stochastic component, Z(x). Y(x) is defined
in Equation (1).

Y(x) =
∑k

j = 1
β j f j(x) + Z(x), (1)

where f j(x) is a known function with j = 1, 2, . . . , k, and Z(x) is a random process with a zero-mean
and a covariance. The most famous choice of the stochastic component, Z(x), is a GP where the
distribution of the GP is assumed to be a normal (Gaussian) distribution with a mean and a covariance
function. According to [47], GP is used as the surrogate model for any complex mathematical models
which consume a lot of time to solve. GP is flexible in representing the computer output, Y(x), and it is
feasible to obtain analytical formulas of the predictive distribution and to design the equations.

From the reported literature, there are a few studies calibrating CST computer output of marine
CSEM applications with GP (e.g., [48,49]). However, these studies present 1D GP modeling of
SBL applications where they only considered univariate independent variables. Besides, the work
only focused on predicting the presence of the hydrocarbon layer at a known depth, while we
consider various depths of hydrocarbon at observed and unobserved depth levels. This is because
the location of hydrocarbon reservoirs can be anywhere and is uncertain in real-field environments.
Aris et al. [50] also described forward GP modeling of SBL applications, but the paper only focused on



Processes 2019, 7, 661

one transmission frequency and no error was considered in the presented GP modeling. Since CST
computer output is assumed to generate very clean data, considering the error in modeling is very
important to marine CSEM data processing. Thus, this attempt is novel in two ways; first, it proposes
GP methodology to process marine CSEM data calibrated with CST computer output at multiple
transmission frequencies at which hydrocarbon is present at all possible depth levels (250–2750 m);
second, this is a data-dependent analysis where it utilizes an uncertainty quantification provided by
the GP in marine CSEM data processing with error considerations before in-depth analysis. This may
enhance the EM data interpretation where the EM profile is estimated with the measurement of variance
at various possible depths of the hydrocarbon layer, which helps decision-making for hydrocarbon
detection in marine CSEM applications.

3. Methodology

The methodological flow is based on a three-step procedure; (i) synthetic seabed logging (SBL)
modeling using Computer Simulation Technology (CST) software, (ii) developing two-dimensional
(2D) forward Gaussian Process (GP) models for multiple EM transmission frequencies, and (iii) model
validation using the root mean square error (RMSE) and the coefficient of variation (CV).

3.1. Synthetic SBL Modeling Using CST Software

We designed synthetic models of typical marine CSEM application for hydrocarbon exploration
which have various depths of hydrocarbon at multiple frequencies by using CST software.
The transmissions were tested at frequencies of excitation current of 0.125, 0.25, and 0.5 Hz. Note that
in the CST software, Maxwell’s equations are discretized using the Finite Integration Method (FIM).
FIM solves the Maxwell’s equations in a finite calculation domain in grid cells to probe the resistivity
contrast. For this study, the SBL model is a three-dimensional (3D) canonical structure, which consists
of background layers such as air, seawater, and sediment. The model is designed with an air–seawater
interface at z = 300 and the seawater thickness is fixed at 1000 m (deep offshore environment).
A 200 m-thick horizontal resistive layer (hydrocarbon) is embedded in the sediment layer with various
depths from the seabed. The thickness of sediment above the hydrocarbon layer, known as overburden
thickness, is varied from 250 m to 2750 m with an increment of 250 m each. The thickness of the
overburden layer indicates the depth of hydrocarbon reservoir. Thicker overburden layers mean a
deeper location of the hydrocarbon. Both the background and hydrocarbon layers are considered as
isotropic. Figure 2 shows the stratified illustration of the horizontal layers used in this study.

Figure 2. Illustration of SBL models used in this study. The thicknesses of air, seawater, and hydrocarbon
are 300, 1000, and 200 m, respectively. The depth of the hydrocarbon layer (thickness of overburden
layer) is varied from 250 m to 2750 m with an increment of 250 m. The total height and length of the
models are 5000 and 10,000 m, respectively.
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The replication of the 3D structures of the SBL model (length, x: 10,000 m; width; y: 10,000 m;
height, z: 5000 m) can be referred to in [50]. The electrical conductivities of air, seawater, sediment,
and hydrocarbon are tabulated in Table 1. Their properties are taken from [48].

Table 1. Electrical conductivity of every layer considered in the SBL models. Conductivity is
the reciprocal of resistivity. The electrical conductivity of the hydrocarbon layer is lower than its
surroundings, which are seawater and sediment. It means that the hydrocarbon layer is parameterized
with reliable electrical resistivity.

Material Electrical Conductivity (Sm−1)

Air 1.0 × 10−11

Seawater 1.63
Sediment 1.00

Hydrocarbon 2.0 × 10−3

The EM signal is transmitted by a HED source located with the orientation of x-direction in the
seawater with coordinates (5000, 5000, 1270). This means that the inline transmitter pointing along
x-axis is positioned at x, y = 5000, and a height of 30 m above the seabed. The HED source is held
stationary at the center of the model. The values of the EM field are measured along an inline profile
through the SBL model. In this study, the current strength of the HED source is fixed at 1250 A.
The source–receiver separation distances (offsets) are varied along the replication model. An array of
1000 seabed receivers is placed along the seabed at x ranges of 0–10,000 m and y = 5000 m. This means,
receivers are positioned along the seabed for every 10 m from 0–10,000 m of x-orientation. As a
demonstration, Figure 3 is the mesh view of the replication of the marine CSEM model in isotropic
medium, replicated by the CST software at a hydrocarbon depth of 250 m.

 
Figure 3. Mesh view of the 3D SBL model at hydrocarbon depth of 250 m replicated by CST software.
Both background and hydrocarbon layers are set as isotropic. The hydrocarbon layer is designed with
length (x) of 10,000 m, width (y) of 5000 m and height (z) of 200 m.

3.2. Developing 2D Forward GP Models at Multiple EM Transmission Frequencies

Let Y(xi) be the CST computer output at k different input specifications for every frequency
used (0.125, 0.25, and 0.5 Hz), where i = 1, 2, . . . , k. The input variable, x, can be univariate
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or multivariate, but in this study, we exercise a bivariate independent variable. Source–receiver
separation distance (offset), s, and depth of hydrocarbon layer from the seabed, h, are considered
as input variables where x = (s, h). In this paper, we focus on processing non-normalized CST
output, Y(x), which is the magnitude of the E-field (amplitude) obtained from static source–receiver
combinations where the transmitter is fixed at the center of the SBL model. For every frequency,
we have source–receiver separation distances, si = {i = 1, 2, . . . , 210}, and hydrocarbon depths,
hi = {i = 1, 2, . . . , 11}, which are from 250 to 2750 m with and increment of 250 m each. Thus, in this
study, we have k = 210× 11× 3 = 6930 different input specifications of CST computer output that
are to be processed.

As mentioned earlier, GP is completely defined by a mean function, m(x), and a covariance
function, k(x, x′). The GP model on function f with a zero-mean function, m(x) = 0, and a covariance
function, k(x, x′), can be written as

f (x) ∼ G(0, k(x, x′)). (2)

An appropriate correlation function for our GP is selected. The choice of the correlation function is very
crucial in computer experiments. It governs the smoothness of the sample path realizations of the GP
and is dictated by CST computer output. We choose a popular covariance function which is the squared
exponential (SE) function. This covariance function has been widely used in many applications of GP
regression and it produces smooth functional estimates. The SE is defined in Equation (3).

k(x, x′) = σ2
f .e(

−|x−x′|2
22

), (3)

whereσ f and  are signal variance and characteristic-lengths scale, respectively. These hyper-parameters
need to be properly estimated, and this is usually by optimizing the marginal likelihood. By referring to
Bayes’ theorem, we assume that very little prior knowledge about these hyper-parameters are known,
and this prior knowledge corresponds to the maximization of marginal log-likelihood. We have three
different datasets (three different frequencies). For every dataset, there are 210 data points consisting of
offset and hydrocarbon depths as the independent variables corresponding to the magnitude of the
E-field as the dependent variable. According to [39], two-thirds of the total data should be considered
as training data points and the remainder will be the testing points. Thus, in this paper, for every three
data points, the first two data are set as the training data points. This procedure was implemented for
every frequency used.

The GP regression model is assumed to generally have a relationship of the form yi = f (xi) + ε
where the prior joint distribution for the collection of random variables consist of training and testing
points are defined as below

[
m
m∗

]
∼ G

(
0,

[
Kε K∗
KT∗ K∗∗

])
. (4)

The vector m ∈ 
ntrain is observed at spatial locations x ∈ 
ntrain×nd where x = (s, h). ntrain denotes
the number of training data points generated from CST software, while nd is the spatial dimension
exercised in this paper. Note that for every hydrocarbon depth, ntrain = 140 and nd = 2. Next,
m∗ ∈ 
ntest is a vector that specifies the predicted values at particular spatial locations x∗ ∈ 
ntest×nd

where x∗ = (s∗, h∗). ntest is the number of all desired observations (i.e., testing data points) where
ntest = 70 for each depth. With 140 data per depth, a matrix K ∈ 
ntrain×ntrain is defined using Equation
(3) for all pairs involved in the training points. Then, Kε ∈ 
ntrain×ntrain is determined such that

Kε = K + σ2, (5)

where σ2 represents a diagonal covariance matrix of the specified additive noise at 5%. K∗ ∈ 
ntrain×ntest ,
and K∗∗ ∈ 
ntest×ntest are calculated using Equation (3) where these matrices define the correlation of
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training–testing data points and testing–testing data points, respectively. Hence, m∗ is predicted at 70
locations of x∗ per depth. Here, matrix K∗∗ only has input from testing data points and it is derived
from prior information. Thus, the posterior conditional GP as in Equation (1), given the information of
x∗, x and m, is written as

p(m∗|x∗, x, m) = G(m∗
∣∣∣μ∗, Σ∗) (6)

Based on the theorem, for every frequency, the Gaussian probability for the random variable m∗
with mean, μ∗ (i.e., the estimated EM profile at observed and unobserved depths of hydrocarbon),
and variance, Σ∗ (uncertainty measurement in terms of ± two standard deviations), are defined in
Equations (7) and (8), respectively. These equations are the main equations of GP regression.

μ∗ = KT∗ K−1
ε m (7)

Σ∗ = K∗∗ −KT∗ K−1
ε K∗ (8)

3.3. Model Validation Using RMSE and CV

To validate our forward GP model, we calculated the root mean square error (RMSE) and coefficient
of variation (CV) of the difference between data predicted by GP (estimates) and the data acquired
from CST software. RMSE is able to calculate the difference between an estimate and the true value
(observation) corresponding to the expected value of root squared loss. CV is calculated as well
to evaluate the relative closeness between true values and estimates in percentage. Two random
unobserved depths of hydrocarbon which are 900 m and 2200 m were selected for demonstration
purposes. The SBL models with these depths of hydrocarbon were simulated separately. The CST
computer output was considered as the true values, and the estimate values are the data predicted
by GP at the same depths of hydrocarbon. The RMSE and CV between the true values, yi, and the
estimate values, y∗i , are defined as below

RMSE =

√∑(
yi − y∗i

)2

a
, (9)

CV =
RMSE∣∣∣∣μy∗i

∣∣∣∣ × 100%, (10)

where a is the total number of testing data points, and μy∗i is the absolute average of y∗i . The estimates
from the 2D forward GP model should match the simulation data acquired from the CST software at
all observed and unobserved depths very well up until larger offset distances.

4. Results and Discussion

We implemented this analysis by using GP algorithms in a MATLAB code (built-in function)
referred from [51]. We considered a typical synthetic frequency-domain marine CSEM study with
three different transmission frequencies (0.125, 0.25, and 0.5 Hz), a HED source, and an array of
receivers. Note that for every depth of hydrocarbon, the simulation was simultaneously run for the
three transmission frequencies (three datasets per simulation). Every simulation process took ~15 min
to generate the three different datasets. Hence, total computational time for the CST software to
compute the EM fields for 11 hydrocarbon depths was approximately 165 min (~2 h and 45 min).
In addition, in order to make the data interpretable, a logarithmic scale with base 10 was applied to the
magnitude of the E-field for every frequency since it involves very small values. Figures 4–6 are the
CST computer output at all input specifications for every frequency.
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Figure 4. Log10 of magnitude of electric field at 0.125 Hz versus source–receiver separation distance
(offset). Different hydrocarbon depths yield different EM responses. The offset is from 0 m (left of the
SBL model) to 10,000 m (right of the SBL model).

 

Figure 5. Log10 of magnitude of electric field at 0.25 Hz versus source–receiver separation distance
(offset). Different hydrocarbon depths yield different EM responses. The offset is from 0 m (left of the
SBL model) to 10,000 m (right of the SBL model).
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Figure 6. Log10 of magnitude of electric field at 0.5 Hz versus source–receiver separation distance
(offset). Different hydrocarbon depths yield different EM responses. The offset is from 0 m (left of the
SBL model) to 10,000 m (right of the SBL model).

From the results, the replicated SBL model is able to reflect the typical synthetic simulation model
of EM application. The simulated datasets resulting from the CST software were in a good agreement
with the behavior of real-field CSEM data on the effect of the source–receiver separation distance and
variations of hydrocarbon depth to the magnitude of the E-field (amplitude). The strength of E-field is
inversely proportional to the source–receiver offset and depth of hydrocarbon. If the source–receiver
separation is placed further apart and the hydrocarbon layer is located deeper beneath the seabed,
the E-field strength significantly decreases. The acquired responses vary in frequency as well. Here,
based on figures above, the EM responses are symmetrical. The EM wave was transmitted from the
source which was located at the center of the SBL model. The signal travelled equidistant from the
source to the boundaries of the model (left and right of the SBL model). Due to this symmetrical setting,
only data from 5000 to 10,000 m were considered for processing purposes. Next, from the figures as
well, we can see that the magnitudes of the E-field for all hydrocarbon depths are indistinguishable
(especially in Figure 6) at source–receiver offset smaller than ~7400 m. This happens because high
transmission frequencies have high attenuation, thus the signal is not able to propagate farther than
low-frequency EM wave. Thus, we generalized this analysis by utilizing data for the offset from ~7400
to ~9500 m.

From the CST computer output, we developed a 2D forward GP model for every frequency to
provide EM profiles at the observed and unobserved depths of the hydrocarbon. Even though the offset
distances considered in this paper are from ~7400 m to ~9500 m, the GP models were set to distances
from ~2400 to ~4500 m in order to make it easy to interpret, since the EM signal was transmitted
from x = 5000 (center of the SBL model). The 2D forward GP models for frequencies of 0.125, 0.25,
and 0.5 Hz are depicted in Figures 7–9, respectively.
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Figure 7. Contour plot of EM profiles (amplitude) for various offset distances (~2400 to ~4500 m) and
hydrocarbon depths (250–2750 m) at a frequency of 0.125 Hz with 15 labels.

Figure 8. Contour plot of EM profiles (amplitude) for various offset distances (~2400 to ~4500 m) and
hydrocarbon depths (250–2750 m) at a frequency of 0.25 Hz with 15 labels.
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Figure 9. Contour plot of EM profiles (amplitude) for various offset distances (~2400 to ~4500 m) and
hydrocarbon depths (250–2750 m) at a frequency of 0.5 Hz with 15 labels.

From the figures, we can see that the GP models are able to provide the information of EM profiles
which are the magnitude of the E-field at all desired depths of hydrocarbon (observed and unobserved).
Since variance is quantified in GP estimation, we tabulate the average of the variance of EM profiles
for all observed depths of hydrocarbon in Table 2 to determine how far the data points are spread out
from the mean value.

Table 2. The average of variance of EM responses (frequencies: 0.125, 0.25, and 0.5 Hz) at all tried
depths of hydrocarbon (250–2750 m with an increment of 250 m each).

Depth (m)
Average of Variance

0.125 Hz 0.25 Hz 0.5 Hz

250 4.6402E–07 7.6034E–07 1.2504E–06
500 4.5931E–07 7.5443E–07 1.2418E–06
750 4.5602E–07 7.5090E–07 1.2372E–06
1000 4.5375E–07 7.4849E–07 1.2343E–06
1250 4.5283E–07 7.4699E–07 1.2326E–06
1500 4.5275E–07 7.4646E–07 1.2321E–06
1750 4.5283E–07 7.4699E–07 1.2326E–06
2000 4.5375E–07 7.4849E–07 1.2343E–06
2250 4.5602E–07 7.5090E–07 1.2372E–06
2500 4.5931E–07 7.5443E–07 1.2418E–06
2750 4.6402E–07 7.6034E–07 1.2504E–06

The confidence interval exercised by this paper is 95% of the data which lies within ± two standard
deviations of the mean. Small values of variance indicate that the data points tend to be very close
to the mean. Based on Table 2, all values of the average variances are very small. This implies that
the 2D forward GP model is capable of fitting the marine CSEM data very well. Next, for better
visualization, we depict a combination of 3D surface plots of the developed 2D forward GP models for
every frequency in Figure 10.
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Figure 10. Combination of 3D surface plots of the 2D GP models for frequencies of 0.125, 0.25, and 0.5 Hz.
The x-axis is the offset which is the source–receiver separation distance, the y-axis denotes the depth of
hydrocarbon (250–2750 m), and the z-axis represents the log10 of magnitude of the electric field.

We determined the reliability of these 2D forward GP models in providing the information of EM
profiles by calculating the RMSE and the CV between true (data generated through the CST software)
and estimate values (data from the forward model) at unobserved/untried depths of hydrocarbon.
In this section, random unobserved hydrocarbon depths (900 m and 2200 m) were selected. The EM
profiles from these depths were compared with the CST computer output at the same depth levels.
The RMSE and CV of the EM profiles at both depths are tabulated in Table 3.

Table 3. RMSE and CV analyses between EM profiles modelled by GP and EM profiles generated
through CST software for all frequencies.

Depth (m) 0.125 Hz 0.25 Hz 0.5 Hz

900
RMSE 8.7419E–04 1.1284E–03 1.2946E–03
CV (%) 1.4267E–02 1.7604E–02 1.9688E–02

2200
RMSE 5.8993E–04 7.4190E–04 1.3171E–03
CV (%) 9.4615E–03 1.1241E–02 1.8402E–02

Based on Table 3, the RMSE values obtained are very small and all the CVs are generally less than
1%. This means that the modeling results of the 2D forward GP models are in good agreement with
the responses acquired from the CST software even at the unobserved/untried depths of hydrocarbon.

5. Conclusions

We proposed a methodology of processing marine CSEM data using a statistical approach,
Gaussian Process (GP). Based on the results, the EM responses estimated by GP are well fitted with the
data generated from the CST software. The results (variance) proved that our proposed 2D forward
GP model calibrated with computer simulation output is reliable for marine CSEM data-processing.
In general, this 2D forward GP model, which contains EM profiles at various hydrocarbon depths,
can be compared to surveyed data, and whichever estimate best matches the data measured from
the survey will be the more likely case. The importance of this work lies in the application of GP
methodology in multiple frequencies marine CSEM technique by developing a data-dependent model
with uncertainty quantification to analyze the EM profiles and understand the geological structure
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underneath the seabed. It is too risky to directly make a decision in hydrocarbon exploration without
any additional analysis. There are too many challenges involved especially when it comes to deeper
offshore environments. Therefore, this methodology should be a data-processing tool that provides
beneficial information to hydrocarbon exploration using marine CSEM techniques by utilizing the
prior information obtained from real-field data before further analysis.
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Abstract: Nowadays, increased interest among the scientific community to explore the
Calophyllum inophyllum as alternative fuels for diesel engines is observed. This research is about
using mixed Calophyllum inophyllum-palm oil biodiesel production and evaluation that biodiesel
in a diesel engine. The Calophyllum inophyllum–palm oil methyl ester (CPME) is processed using
the following procedure: (1) the crude Calophyllum inophyllum and palm oils are mixed at the
same ratio of 50:50 volume %, (2) degumming, (3) acid-catalysed esterification, (4) purification,
and (5) alkaline-catalysed transesterification. The results are indeed encouraging which satisfy
the international standards, CPME shows the high heating value (37.9 MJ/kg) but lower kinematic
viscosity (4.50 mm2/s) due to change the fatty acid methyl ester (FAME) composition compared to
Calophyllum inophyllum methyl ester (CIME). The average results show that the blended fuels have
higher Brake Specific Fuel Consumption (BSFC) and NOx emissions, lower Brake Thermal Efficiency
(BTE), along with CO and HC emissions than diesel fuel over the entire range of speeds. Among
the blends, CPME5 offered better performance compared to other fuels. It can be recommended
that the CPME blend has great potential as an alternative fuel because of its excellent characteristics,
better performance, and less harmful emission than CIME blends.

Keywords: Calophyllum inophyllum biodiesel; palm biodiesel; engine performance; exhaust emissions;
alternative fuel; transesterification

1. Introduction

Petroleum derived fuels are the main source of primary energy consumption worldwide. Because of
the negative impact and limited reserve of fossil fuels, scientists have focused on the new sources of

Processes 2019, 7, 597; doi:10.3390/pr7090597 www.mdpi.com/journal/processes



Processes 2019, 7, 597

energy to replace the fossil fuel [1,2]. Renewable energy sources have been proven to create less or
zero-emission energy generation and can play an important role to lower fossil fuel consumption [3].
In many countries, different types of renewable energy sources including solar, wind, hydro, geothermal,
bioenergy and biofuel has been introduced [4–9]. However, some renewable energy, including wind
and solar, are only available for a certain time and period and therefore energy storage is required
for these kinds of sources [10]. Due to this problem, researchers attempt to find other types of
energy storage material that can be commercialized [11–14]. Therefore, some scientists, especially in
developing countries are more interested in the energy sources that can be kept for a long period, such as
bioenergy, bioethanol, and biodiesel [15–17]. Biodiesel is one renewable energy source, which can
significantly lower emissions due to fossil fuel combustion that create air pollution, global warming,
and acid rain [18]. Biodiesel sources include soybean oil, sunflower oil, palm oil and cottonseed oil,
Jatropha curcas oil, mahua (Madhuca indica) oil, jojoba (Simmondsia chinensis) oil, tobacco seeds, salmon oil,
tamanu (Calophyllum inophyllum) oil, sea mango oil (Cerbera odollam), and microalgae [19–22].

Palm oil has been commonly used in Malaysia and Indonesia as a biodiesel source due to its
availability and favorable characteristics [23]. The productive lifetime of palm oil is around 25 years
and it has to be replanted after that period [20]. Palm oil can yield methyl ester over 80%. Since 2006,
the Indonesia government has paid attention to biodiesel as part of the National Security Act of
Indonesia because of world crude oil price fluctuation. It is also supported because Indonesia is the
largest crude palm oil (CPO) producer. However, until 2010, the Indonesia government failed to
achieve biodiesel blending targets due to the increase in the world crude palm oil price and decrease
in the crude oil price. As an impact, the biodiesel price has been not competitive compared to the
diesel fuel price [24]. As Ong at al. [19] reported on sensitivity analysis that differences in the price of
sources will have considerable impact on the life cycle cost of biodiesel by at least 79%. However, many
new policies were introduced in 2014 by the Indonesian government to promote the use of biodiesel.
Ong at al. [25] suggested that a financial incentive and subsidy policy should be enforced to make the
price of biodiesel competitive to diesel fuel. However, based on a cost-benefit analysis (CBA), this will
enhance the net benefit of palm oil plantation and biodiesel producers but will lessen the net welfare
for society and the government of Indonesia. Therefore, the policy in the future will focus on reducing
costs that improve the net social benefit [24].

Calophyllum inophyllum seed is an inedible oil source, which has a high oil content.
Therefore, Calophyllum inophyllum seed is also a potential feedstock for biodiesel fuel [19] in Indonesia
and Malaysia due to its abundant availability. This feedstock is a biodiverse plant that was previously
known as a medicinal source due to its high antioxidant content [26]. However, Calophyllum inophyllum
is grouped into high-acid-number feedstocks that allow biodiesel production to be equipped with
special treatments, such as triple-stage transesterification, degumming, and neutralization [6]. In fact,
Calophyllum inophyllum biodiesel has a poor oxidation stability because it has about 72.65% of unsaturated
fatty acids that make this fuel unfavourable for long-term storage [27]. Excessive chemical treatment
for minimizing total acid number (TAN) in oil refining may lead to a reduction of antioxidant content
and oxidation stability [28]. Recently, some experiments reported that the antioxidant addition into
biodiesel has improved its oxidation stability.

However, recently many studies have been reported on the fractional replacement of conventional
fuel by palm and CIME. There are not many studies that have been reported on the prospect of palm
and Calophyllum inophyllum biodiesel mixture. In this work, palm and Calophyllum inophyllum oil were
mixed prior to the biodiesel production process and compared their performance with conventional
fuel in a diesel engine. This method is believed to be able today reduce the chemical process during
the acid value reduction of Calophyllum inophyllum–palm oil compound. Moreover, the objective of this
study is also to investigate the engine performance (specifically, the Brake Specific Fuel Consumption
(BSFC) and Brake Thermal Efficiency (BTE) and exhaust emission characteristics NOx, HC, and CO
emissions) of Calophyllum inophyllum–palm biodiesel mixture. It is expected that there is a potential
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for these blends to be commercialized in Indonesia and Malaysia due to the abundant supply of
Calophyllum inophyllum seed oil and palm oil in these countries.

2. Materials and Methods

2.1. Crude Oils

Crude Calophyllum inophyllum oil and palm oils were purchased from a local store in Kuala Lumpur,
Malaysia. The crude Calophyllum inophyllum and palm oils were mixed at 50:50 equal volume % in
order to produce the CPME.

2.2. Production of CPME

Firstly, the blend was prepared by mixing 1 L of the crude oil from each source with 1 % of
phosphoric acid (H3PO4, Merck Sdn. Bhd., Kuala Lumput, Malaysia) and 10 % of purified water
(v/v) for 30 min. The crude oil mixture was degummed at 60 ◦C with an agitation speed of 800 rpm.
The degumming process is essential to remove impurities and compounds (i.e., resins, proteins,
phosphates, carbohydrates, and water residue). Next, acid-catalysed esterification was conducted.
The details of the esterification process can be found in Silitonga et al. [29]. Molar ratio and catalyst
percentage influence the esterification process of the oils [30]. In this study, it displayed the optimum
molar ratio and H2SO4 catalyst (Merck Sdn. Bhd., Kuala Lumpur, Malaysia) concentration are 1:16.6
and 2.0 vol.%, respectively, since these parameters result in the highest esterified oil yield and fastest
reaction time. According to [31], the presence of excess water can increase the formation of peroxides
and increase the free fatty acid content of esterified oils. Thus, purification is crucial to remove excess
water, which can be done by evaporation using a rotary evaporator, followed by the separation process
with a separating funnel [32,33].

For this experiment, the esterified Calophyllum inophyllum–palm oil was purified by stirring the oil
in a rotary evaporator (RV10 DIGITAL V IKA, Germany) at 60 ◦C with a stirring speed of 100 rpm
for 30 min. The maximum pressure of the rotary evaporator was 7.2 MPa (72 bars). Following this,
the esterified Calophyllum inophyllum–palm oil was poured into a separating funnel for the settling
and left for 18 h. Karmakar et al. [21] also found that the high temperature of the purification process
results in hydrolysis of the triglycerides, which in turn, removes water from the esterified oil.

Next, transesterification was done by mixing the esterified oils with 50% of methanol and
0.5 volume % of sodium hydroxide (KOH, Merck Sdn. Bhd., Kuala Lumpur, Malaysia) catalyst.
The reaction mixture was stirred continuously in a jacketed reactor for 90 min maintaining the
temperature at 60 ◦C. On the completion of the transesterification, the mixture was left for 4–6 h in a
funnel. There are two distinct layers of liquid formed in the funnel where biodiesel was in the top
and glycerol at the bottom. The glycerol was drained out from the funnel and biodiesel was washed
by using sanitized water for a number of times in order to further remove impurities. The similar
purification process was maintained both for the esterification and transesterification process.

2.3. Production of Methyl Ester

The CIME and palm oil methyl ester (POME) were prepared in the same manner. The crude
Calophyllum inophyllum and palm oils were first degummed to remove impurities. The degummed oils
were then esterified under the following process conditions: (1) reaction temperature; 60 ◦C, (2) stirring
speed; 800 rpm, (3) reaction time; 60 min, (4) oil-to-methanol molar ratio; 1:16.6, and (5) H2SO4

catalyst concentration; 1.0 vol.%. The esterified oils were then purified to remove extraneous water
present in the oils. Next, the purified Calophyllum inophyllum and palm oils were transesterified
under the following process conditions: (1) reaction temperature; 60 ◦C, (2) stirring speed; 800 rpm,
(3) reaction time; 90 min, (4) oil-to-methanol ratio; 1:8, and (5) catalyst- KOH with concentration;
0.5 vol.%. Likewise, the reaction mixtures were left to settle in separating funnels for 4–6 h after the
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transesterification process. In the final step, the CIME and POME were cleaned using sanitized water
several times.

2.4. Characteristics of the CPME

The characteristics (i.e., density, kinematic viscosity (KV), flash point (FP), acid value(AV),
high heating value (HHV), FAME content, and oxidation stability of the CPME and its blends were
examined and compared to diesel, POME, CIME, as well as their blends. The FAME content was
determined by employing a gas chromatograph–mass spectrometer (Model: GCMS-QP2010 Ultra,
Shimadzu, Japan) fitted with a low-bleed GC-MS column (Model: RTX-5MS, RESTEK, Tokyo, Japan)
details operating condition can be found elsewhere [34]. The temperature of the flame ionization
detector and split injector was 300 ◦C. The biodiesels chemical and physical properties are collected
from literature as a comparison.

The FAME content in per cent (%) determined by the following Equation:

FAME =
(
∑

A) −AEI

AEI
× CEI × VEI

m
× 100 (1)

Here,
∑

A is the summation of the peak areas of FAME, AEI is the methyl heptadecanoate peak
area, which is the internal standard, CEI is the methyl heptadecanoate solution concentration in heptane
(mg/mL), VEI is the methyl heptadecanoate solution volume (mL) and m is the methyl ester mass (mg).

The percentage (%) of the methyl ester yield can be calculated by the following Equation:

Methyl ester yield =
FAME × Bcpme

Ocipo
× 100 (2)

The FAME is the fatty acid methyl ester content (%), Bcp is the Calophyllum inophyllum-palm oil
methyl ester weight (g) and Oso is the weight of the Calophyllum inophyllum-palm mixed oil (g).

2.5. Experimental Set-Up

Engine tests were done to study the engine performance and the characteristics of exhaust emission
for CPME blends and CIME blends and the data collected compared to diesel fuel. These fuel blends
were prepared in this study: (1) CPME5, (2) CPME10, (3) CIME5, and (4) CIME10. In this study,
the performance parameters BSFC and BTE whereas the exhaust gases parameter NOx, HC, and CO
were measured. A single-cylinder diesel engine (Yanmar YX2500CX-A 170F, Osaka, Japan) was used to
investigate the performance that set in full throttle. The engine speed varied from 1400 to 2800 rpm.
A BOSCH BEA 350 gas analyser was used in order to measure the emissions. The detail of the engine
test-bed and emission analyser is given in Table 1.

Table 1. Diesel engine technical specifications.

Brand Yanmar
Model 2500CX-A 170 F
Type 1-cylinder, DI

Displacement (cc) 211
Speed (rpm) 3000

Maximum output(HP) 4.2
Cont. output (HP) 3.8
Governor System Centrifugal weight system
Starting system Recoil or electric

Lube oil capacity(L) 0.75
Fuel tank capacity(L) 12.5

Operational capacity (hrs.) 14
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2.6. Uncertainties of the Experimental

Generally, the uncertainties of the experiment happened due to several reasons, namely:
(1) instruments type and condition, (2) instruments calibration, (3) environmental conditions,
and (4) procedure of experimental. To make sure the accuracy of the data between the limit,
therefore the accuracy of the experimental data should be verified. Consequently, the uncertainties
percentage of selected variables, namely BSFC, BTE, CO, NOx, and HC were investigated according
to the instrument’s percentage uncertainties employed in the experiments. The speed accuracy,
fuel consumption flowrate and time, which were ±10 rpm, ±1%, and ±0.1 s, respectively. The BSFC
uncertainty was investigated by the uncertainty linearized approximation method. The details of % of
uncertainties are given in Table 2.

Table 2. The percentage of uncertainties.

Measured
Quantity

Measurement
Range

Accuracy Type of Instrument
Percentage

Uncertainty (%)

Load ±8 Nm ±0.1 Nm Strain gauge type load cell ±1.27
Speed 1400–2800 rpm ±1 rpm Magnetic pickup type speed sensor ±0.1
Time - ±0.1 s - ±0.2

Fuel flow
measurement 1–25 L/h ±0.1 L/h Positive displacement gear wheel

flow meter ±1.53

CO 0%–10% by vol. ±0.001% Non-dispersive infrared gas sensor ±1.13
HC 0–9,999 ppm ±1 ppm Heated flame ionization detector ±1.4

NOx 0–5,000 ppm vol ±1 ppm vol Electrochemical gas sensor ±1.1
BSFC - ±0.1 L/kWh - ±1.5
BTE - ±0.2% - ±1.5

3. Results and Discussion

3.1. Physicochemical Properties

The properties for POME, CIME, CPME, and their blends are given in Table 3. It is seen that the
density of the CPME (880 kg/m3) is lower than that for CIME (884 kg/m3). The KV of the CPME was
found lower than that for CIME and similar to that for POME (4.4 mm2/s). In general, the KVs for
CPME, CIME, and POME are inline with ASTM D6751 limit. The FP of CPME is 160 ◦C, which is
above the limit of ASTM D6751 standard. The higher FP is important as it reduces the fire hazard risk,
which is the main concern on fuels to handle, transport, and store [35]. However, the HHV of the
CPME (37.9 MJ/kg) is found to be greater than CIME and POME (37.3 and 36.4 MJ/kg, respectively).
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3.2. Fatty Acid Methyl Ester (FAME) Composition

The FAME compositions of the CIME, POME, and CPME are summarized in Table 4. In general,
all of these biodiesels have high palmitic acid content. However, the POME has a higher percentage of
oleic acid, whereas the CPME has a higher percentage of antioxidants, such as methyl palmitic acid
(C16:0), stearic acid (C18:0), linoleic acid (C18H36O2), and 9-Octadecene,1-methoxy-, (E) (C19H38O) [34].
Moreover, the CPME has a high oleic acid percentage (C18:1), with a value of 52.94 wt.%, which also
serves as a lubricant.

Table 4. Fatty Acid Methyl Ester (FAME) composition of Calophyllym inophyllum Methyl ester, CIME,
Palm Oil Methyl Ester (POME), and Ceiba Pentandra Methyl ester (CPME).

Fatty Acid CIME (wt.%) POME (wt.%) CPME (wt.%)

Lauric acid 0.10 0.10 0.10
Myristic acid 0.75 1.52 0.93
Palmitic acid 16.85 25.10 28.22

Palmitoleic acid 0.70 0.67 0.75
Stearic acid 15.57 22.46 31.99
Oleic acid 41.5 56.29 52.94

Linoleic acid 15.10 6.85 16.35
Linolenic acid 0.13 7.61 5.32
Arachidic acid 0.10 0.10 0.10

3.3. Brake Specific Fuel Consumption (BSFC)

Figure 1 shows the BSFC for diesel, CPME and CIME biodiesel blends at various engine speeds.
It can be observed that all the blended fuel have higher BSFC compared to the diesel fuel except CPME5
blend. On average, biodiesel blended fuels have 16%–21% higher BSFC than diesel fuel. This finding is
consistent with the literature [36–38]. Öztürk et al. [38] investigated the mixture of canola oil–hazelnut
soap stock biodiesel-diesel and they found that the BSFC of blend fuel is more than the diesel fuel.
The combined effects of the density, KV and HHV of the fuel caused that result [39]. During the
suction stroke, biodiesel is injected on a volume basis; thus more fuels are fed inside the cylinder [40].
Consequently, more fuel is needed in order to achieve the same power because the HHV of biodiesel is
lower than diesel. Among the blends, the average BSFC was highest for CIME10 blend (2.58 Ltr/kWhr)
and lowest for CIME5 (2.21 Ltr/kWhr), which can be attributed by the HHV of the CIME10 blends.
According to the data presented in Table 3, fuel sample CIME10 have a slightly higher heating value
(43.9 MJ/kg) compared with CPME5 (43.1 MJ/kg).

Figure 1. Changes in Brake Specific Fuel Consumption (BSFC) of diesel, CPME, and CIME blends
with speeds.
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3.4. Brake Thermal Efficiency (BTE)

Figure 2 shows the BTE for all fuel samples at different speeds of the engine. It is seen that the
BTEs of all fuel samples used in this study increases with the speed and maximum BTE was found
for diesel fuel compared to blended fuels. This can be explained by the higher heating value and
lower BSFC of diesel fuel [41]. Diesel fuel showed maximum BTE followed by the CPME5, CIME5,
CPME10, and CIME10 fuels. On average blended fuel lowers 1.25%–22% BTE compared to diesel
fuel. The lower viscosity and higher heating value of diesel fuel, which improves the fuel atomization;
thus increased the BTEs. The data obtained from the experiment are similar to the results presented by
Sharma et al. [42]. They reported that the mixed Jatropha and Cottonseed blend produce lower BTE
than diesel fuel. The reason was explained by the poor spray formation, higher viscosity, and poor
ignition quality.

Figure 2. Changes in Brake Thermal Efficiency (BTE) of diesel, CPME, and CIME blends with speeds.

3.5. Nitrogen Oxide Emissions (NOx) Emission

The nitrogen oxides emissions in exhaust consist of nitric oxide (NO) and nitrogen dioxide (NO2).
Figure 3 shows the NOx emissions for diesel, and the CPME and CIME biodiesel blends at various
engine speeds. It is evident that the NOx emissions increase with an increase in engine speed. It is clear
that biodiesel blended fuels give more NOx emissions compared to diesel fuel. A similar report was
found in the literature [43] for B7 and B100. The average NOx for diesel fuel was found to be 112 ppm,
which is 1.5%–29% higher than the blended fuels. This can be explained by the lean air/fuel ratio
because biodiesel fuel has more inherent oxygen than diesel fuel. It has been reported that oxygenated
fuel blends cause higher NOx emissions [36]. Also, the higher KV of the biodiesel fuel leads to bigger
droplets and shorter ignition delays, which affects the NOx emission [44]. In addition, the unsaturated
fatty acid content of biodiesels leads to fuels higher adiabatic flame temperature than diesel fuel,
which causes higher NOx emission [43].

Figure 3. Changes in Nitrogen Oxide (NOx) emissions of diesel, CPME, and CIME blends with speeds.
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3.6. Carbon Monoxide (CO) Emissions

Figure 4 shows the CO emissions of all fuel samples at various engine speeds. The results
indicate that the CO emissions are generally fewer for the biodiesel blends than the diesel fuel.
Among the fuel samples, biodiesel fuel lowers 5% to 15% CO emission on average compared to the
diesel fuel. The reason is described by the higher oxygen content of the biodiesels, which results in
cleaner, better combustion [45,46]. CO is formed due to the incomplete combustion of the fuel due
to insufficient oxygen or low gas temperature. As mentioned earlier, biodiesel fuel has a 12% higher
oxygen content than diesel fuel, which accepts more carbon molecules to be burnt completely [36].

Figure 4. Changes in Carbon Monoxide (CO) emissions of diesel, CPME, and CIME blends with speeds.

3.7. Hydrocarbon (HC) Emissions

The comparison of emission among the fuel samples related to HC is presented in Figure 5. It was
found that average HC emissions of blends were less than diesel. It is obvious that biodiesel blended
fuel lowers HC emissions by 13%–22% than diesel fuel. The HC emissions can be reduced by the
combustion quality improvement in biodiesel diesel blends due to the existence of excess oxygen
atoms in biodiesel [47]. Similar results were reported by Mofijur et al. [37]. They explained that
lower hydrocarbon emissions of moringa biodiesel-diesel occur because of higher oxygen contents
of biodiesel fuel than diesel fuel. Also from the graph, it is seen that with increasing engine speeds,
the HC emission decreases. Kegl et al. [48] presented similar results that both biodiesel and diesel fuels
emit higher HC emissions when engines run at lower speeds.

Figure 5. Changes in Hydrocarbon (HC) emissions of diesel, CPME, and CIME blends with speeds.
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4. Conclusions

In this study, CPME is produced by a systematic procedure that started from crude oil mixing and
ended by the transesterification process. Based on the findings, the following conclusions can be made:

1. The physicochemical properties of CPME meet ASTM D6751 and EN 14214 standards
2. The blended fuel results in lower BTE and higher BSFC compared the diesel fuel because of its

higher KV, density, and lower HHV.
3. The use of blended fuel as a partial replacement of diesel significantly decreased the CO and HC

emission, which is likely due to the fact that this blend promotes complete combustion whereas
there is a slight increase in NOx emissions due to higher oxygen contents.

4. Among the blends, CPME5 showed a better performance compared to the other blends.

Finally, it can be concluded the CPME blend has potential as a diesel engine alternative fuel to
lower the harmful emission.
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Abbreviations

CIME Calophyllum inophyllum methyl ester
CIME5 5% Calophyllum inophyllum methyl ester + 95% of diesel
CIME10 10% Calophyllum inophyllum methyl ester + 90% of diesel
CPME Calophyllum inophyllum–palm oil methyl ester
CPME5 5% Calophyllum inophyllum–palm oil methyl ester + 95% of diesel
CPME10 10% Calophyllum inophyllum–palm oil methyl ester + 90% of diesel
BSFC Brake Specific Fuel Consumption
CO Carbon monoxides
HC Hydrocarbon
NOx Nitrogen oxides
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Abstract: Eutrophication is an inevitable phenomenon, and it has recently become an unabated threat.
As a positive, the thriving microalgal biomass in eutrophic water is conventionally perceived to
be loaded with myriad valuable biochemical compounds. Therefore, a sugarcane-bagasse-based
adsorbent was proposed in this study to harvest the microalgal biomass for producing biodiesel.
By activating the sugarcane-bagasse-based adsorbent with 1.5 M of H2SO4, a highest adsorption
capacity of 108.9 ± 0.3 mg/g was attained. This was fundamentally due to the surface potential of
the 1.5 M H2SO4 acid-modified sugarcane-bagasse-based adsorbent possessing the lowest surface
positivity value as calculated from its point of zero charge. The adsorption capacity was then improved
to 192.9± 0.1 mg/g by stepwise optimizing the adsorbent size to 6.7–8.0 mm, adsorption medium pH to
2–4, and adsorbent dosage to 0.4 g per 100 mL of adsorption medium. This resulted in 91.5% microalgae
removal efficiency. Excellent-quality biodiesel was also obtained as reflected by the fatty acid methyl
ester (FAME) profile, showing the dominant species of C16–C18 encompassing 71% of the overall
FAMEs. The sustainability of harvesting microalgal biomass via an adsorption-enhanced flocculation
processes was also evidenced by the potentiality to reuse the spent acid-modified adsorbent.

Keywords: eutrophication; sugarcane bagasse; adsorption; harvest; biodiesel; reusability

1. Introduction

“Eutrophication is the enrichment of water with nutrient salts that causes structural changes
to the ecosystem, namely, the increase in production of microalgae and aquatic plants, depletion
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of fish species, general deterioration of water quality and other effects that reduce and preclude
use”. This is one of the definitions given to the eutrophic process by the Organization for Economic
Cooperation and Development [1,2]. Eutrophication is a serious environmental threat since it gives
rise to deterioration of water quality, and it is also one of the major impediments in achieving the
quality objectives established by the Water Framework Directive in the EU as well as those in other
countries [3]. Intrinsically, all water resources are subjected to a natural and slow eutrophication
process. However, in recent years, the eutrophication threat has undergone very rapid progression
due to the presence of various human activities, particularly the farming of cash crops in agriculture.
When the eutrophication threat becomes intense, undesirable effects and environmental imbalances
arise. The two most acute phenomena to stem from eutrophication are hypoxia in the deep parts of
lakes (or lack of oxygen) and microalgal blooms that may produce harmful toxins. Both occurrences
can plausibly bring severe devastation to the aquatic life living in the afflicted water bodies [4–8].

Malaysia and Indonesia are growing countries with steadily improving economies due to huge
contributions from many agricultural sectors such as palm oil, rice and paddies, sugarcane, and other
planted cash crops. Although oil palm is a major cash crop that can promote the gross domestic product
(GDP), another rising cash crop in Malaysia and Indonesia is sugarcane, with total productions of 28.1
and 28.0 million metric tons, respectively, in years 2016/17 [9–12]. This gives rise to gigantic levels of
agricultural waste from the juice crushing process, i.e., sugarcane bagasse which is usually left to decay
on the fields. The accumulated sugarcane bagasse waste without proper management will potentially
lead to the spreading of diseases that adversely affect humans, animals, and the environment. Of late,
a fraction of this bagasse has been used as fuels in sugar factories, and some raw materials have been
exploited in pulp and paper making. Sugarcane bagasse is a type of lignocellulosic biomass that
generally consists of cellulose (50%), hemicellulose (25%), and lignin (25%) [13]. The hemicelluloses are
made up of C5 and C6 sugar, while lignin comprises about one-fourth of the lignocellulose biomass.
These biological polymers have hydroxyl and/or phenolic functional groups that can be chemically
activated to produce materials with new properties. Accordingly, the carboxylic and hydroxyl groups
can improve the capacity of adsorption via ion exchange and complexation processes. Owing to its
low ash content (approximately 2.4%), sugarcane bagasse can offer many advantages when compared
with other crop residues such as rice straw and wheat straw, which have about 17.5% and 11.0% ash
contents, respectively [14]. In addition, sugarcane bagasse is a porous material with a relatively high
fixed carbon content. Considering these advantages, sugarcane bagasse has been among the preferred
waste materials chosen to be used as an adsorbent by many researchers previously to resolve issues
associated with water pollution via adsorption processes [5,8,9,15,16].

Nevertheless, the application of adsorption processes to concentrate planktonic microalgal
cells and subsequently flocculate and separate them from a liquid medium has been documented
little of late. Accordingly, the potential use of a fabricated sugarcane-bagasse-based adsorbent to
mitigate the eutrophication phenomenon served as the prime objective of this comprehensive study.
The adsorptive operating conditions were initially optimized to spur the removal of microalgal
biomass via adsorption-enhanced flocculation processes from the eutrophic water. In tandem with
this study, the fundamental rationale describing the attachment of microalgal cells onto the surface
of the fabricated sugarcane-bagasse-based adsorbent was also unveiled. Since microalgal biomass
is conventionally lauded for containing myriad valuable biochemical compounds, the harvested
sugarcane-bagasse-based adsorbent loaded with microalgal biomass was subsequently exploited for
biodiesel production. The plausible reusability of the spent sugarcane-bagasse-based adsorbent was
lastly assessed to confirm the sustainability of the fabricated sugarcane-bagasse-based adsorbent in
mitigating the eutrophication threat.
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2. Materials and Methods

2.1. Fabrication of Acid-Modified Sugarcane-Bagasse-Based Adsorbents

The residual sugarcane bagasse generated after juice crushing was used as a precursor in fabricating
various acid-modified sugarcane-bagasse-based adsorbents. Residual sugarcane bagasse was initially
amassed from the local market and cut into pieces of about 3–4 cm each. The pieces of bagasse were
then boiled and washed thoroughly to remove the entrapped sugar. The wet sugar-free bagasse was
later air-dried to partially remove the water content before drying to constant weight at 102–105 ◦C in
an oven. The dried sugarcane bagasse was pulverized using a 0.5 mm blade grinder and subsequently
activated using various H2SO4 acid concentrations: 0.1, 0.5, 1.0, 1.5, 2.0, and 2.5 M. This was achieved
by individually introducing 15 g of pulverized sugarcane bagasse into 1 L of each of the H2SO4 acid
concentrations. Each mixture was finally stirred for 24 h and washed with distilled water until a
neutral pH was attained in discarded washing water prior to once again drying to constant weight at
102–105 ◦C in an oven. All the fabricated acid-modified sugarcane-bagasse-based adsorbents were
separately kept in a desiccator ready for use.

2.2. Determination of Adsorbent Point of Zero Charge

Points of zero charge (pHPZC) were initially measured from each of the fabricated acid-modified
sugarcane-bagasse-based adsorbents. The pHPZC is determined as the adsorption medium pH that
causes the surface charge density of the adsorbent to become zero. The pHPZC values of all the
acid-modified sugarcane-bagasse-based adsorbents were measured following the solid addition
method as described by Ofomaja and Naidoo [17] with modifications. Briefly, to a series of 100 mL
Erlenmeyer flasks, 45 mL of KNO3 solution with a concentration of 0.01 M was added to every flask.
The pH in each flask was then individually adjusted from pH 2 to 9 and filled up to 50 mL using a
similar KNO3 solution. The initial pH values of all flasks were accurately recorded, and 0.1 g of specific
acid-modified sugarcane-bagasse-based adsorbent was administered into each flask. All flasks were
securely capped and agitated manually and sporadically for the next 2 days, allowing the charges to
equilibrate before recording the final pH values from each flask. Subsequently, the differences between
the initial and final pH values (ΔpH) of each flask were plotted against the respective initial pH values.
The pHPZC of the adsorbent was finally determined from the point of intersection of the resulting curve
at ΔpH = 0. Later, these procedures were repeated using other acid-modified sugarcane-bagasse-based
adsorbents to determine their respective pHPZC values.

2.3. Characteristics of Eutrophic Water

A water sample was collected from a eutrophic body at a site which receives discharged streams
from the aquacultural activities in the vicinity (Figure 1). The in situ measurements indicated a pH
of 3.8 ± 0.3, temperature of 31.6 ± 1.7 ◦C, and dissolved oxygen concentration of 0.1 ± 0.1 mg/L.
The sample was instantly transported to the laboratory, and ex situ determination of the microalgal
biomass concentration was immediately executed via gravimetric analysis. The eutrophic water was
found to be loaded with 0.86 ± 0.2 g/L of microalgal biomass. The remaining sample was stored in the
cold room upon reaching the laboratory at 2.0 ± 1.5 ◦C to minimize biological and chemical changes
after isolating the sample from the eutrophic body. A predetermined volume of eutrophic water was
later siphoned from the homogenized stock sample in the cold room and allowed to reach ambient
temperature prior to use in the experiments outlined hereafter.
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Figure 1. Eutrophic body which currently receives discharged streams from the aquacultural activities
in the vicinity.

2.4. Setups for Eutrophic Water Treatment

Six 150 mL Erlenmeyer flasks were each initially filled with 100 mL of the eutrophic water
sample. The sample was homogenized via vigorous shaking before the predetermined volume was
transferred into each Erlenmeyer flask. A quantity of 0.5 g of acid-modified sugarcane-bagasse-based
adsorbent with respective H2SO4 concentrations of 0.1, 0.5, 1.0, 1.5, 2.0, and 2.5 M was individually
administered into each of the Erlenmeyer flasks containing a eutrophic water sample. All the mixtures
were immediately adjusted to pH 3, and sufficient agitation was provided for each flask to prevent
the settlement of adsorbents to the bases of all flasks. Sampling of microalgal biomasses present in
the eutrophic water over time from each flask was executed to determine the residual microalgal
biomass concentrations as well as for the time course studies. Samplings were also performed to
determine the adsorption efficiencies (Equation (1)) and capacities (Equation (2)) of each acid-modified
sugarcane-bagasse-based adsorbent loaded into each flask at equilibria as confirmed from the time
course studies.

Adsorption efficiency =
[Initial microalgal biomass] − [Microalgal biomass at any time]

[Initial microalgal biomass]
× 100% (1)

Adsorption capacity =
Weight o f adsorbed microalgal biomass

Weight o f adsorbent
(2)

The best acid-modified sugarcane-bagasse-based adsorbent was then selected and sieved into four
different sizes, namely, <4.0 mm, 5.6–6.7 mm, 6.7–8.0 mm, and >8.0 mm. A quantity of 0.5 g of each size
of adsorbent was individually administered into the Erlenmeyer flasks containing the eutrophic water
sample. Similar procedures to those described above were later executed in selecting the best size of
acid-modified sugarcane-bagasse-based adsorbent. Afterward, stepwise optimization of the pH of the
adsorption media and the adsorbent dosage were also performed to enhance the adsorptive removal of
microalgal biomass from the eutrophic water. The studied ranges of the pH of adsorption media and
adsorbent dosage were from pH 2 to 10 and 0.1 to 0.7 g in 100 mL of adsorption medium, respectively.

2.5. Microalgal Lipid Extraction and Transesterification into Fatty Acid Methyl Esters (FAMEs) of Biodiesel

Lipid extraction from the adsorbed microalgal biomass was accomplished following the procedures
described by Bligh and Dyer [18] with modifications. Initially, the microalgal biomass adsorbed onto
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acid-modified sugarcane-bagasse-based adsorbent was harvested from the adsorption medium using
a sieving net and dried to constant weight at 102–105 ◦C in an oven. The dried microalgal biomass,
together with the adsorbent, was doused with water mixed with chloroform: methanol (1:2 v/v) at a
ratio of 1.6:6.0 v/v. The mixture was immediately sonicated for 30 min at 40 kHz and 40 ◦C. For further
separating the free lipids into the chloroform layer after sonication, an approximately 20% chloroform:
water (1:1 v/v) solution by volume with respect to the total volume of the sonicated sample was added
and mixed well manually. Centrifugation for 20 min at 5600 rpm was then employed to separate the
sample solution into three layers, namely, a lipid and chloroform mixture (bottom layer), residual
microalgal biomass adsorbed onto the spent sugarcane-bagasse-based adsorbent (middle layer), and a
methanol and water mixture (top layer). The bottom layer was then collected by suction, and 8%
chloroform by volume with respect to the total volume of the sample was added to the remaining
mixture, mixed well manually, and centrifuged again to recover the residual lipids. The amassed
volume of the lipid and chloroform mixture from both consecutive separation processes was lastly dried
under compressed air blow to constant weight prior to the lipid yield determination (Equation (3)).

Lipid yield =
Weight o f extracted lipid f rom adsorbed microalgal biomass

Weight o f adsorbed microalgal biomass onto adsorbent−Weight o f initial adsorbent × 100% (3)

The extracted lipids from the adsorbed microalgal biomass were subsequently transesterified
into FAMEs of biodiesel following the procedures as described by Mohd-Sahib and Lim [19]. Briefly,
a vortex mixer at 2000 rpm was initially employed to homogenize about 10–15 mg of extracted lipid,
1 mL of chloroform, and 2 mL of KOH in methanol (1.5 mg/mL). The sample was then capped well
and transesterified for 3 h at a temperature of 60 ◦C. The temperature was maintained by placing the
sample in a water bath until the transesterification process was completed. The FAMEs mixture of the
biodiesel produced was later purified by repeatedly washing with 5 mL of distilled water followed by
separation using a separating funnel until a neutral pH was measured from the aqueous phase. Next,
the chloroform layer loaded with FAMEs was dried under compressed air blow to constant weight.
The FAMEs mixture was finally injected into a gas chromatograph to analyze the individual FAME
composition forming the biodiesel. The FAME profile obtained determines the quality of the biodiesel
derived from the harvested microalgal biomass from eutrophic water. The details of the operating
conditions of the employed Shimadzu brand gas chromatograph (Model GC-2010 plus) equipped
with a flame ionization detector (GC-FID) can be acquired from Mohd-Sahib and Lim [19]. Ultimately,
the individual FAME composition was calculated as follows:

Composition of specific FAME species =
AS

AISTD
× CISTD X VISTD

m
× 100% (4)

where AS = Peak area of specific FAME species;
AISTD = Peak area of internal standard;
CISTD = Concentration of internal standard;
VISTD = Volume of internal standard;
m =Mass of sample.

2.6. Assessment of the Reusability of Spent Sugarcane-Bagasse-Based Adsorbent

Upon lipid extraction, the spent sugarcane-bagasse-based adsorbent or lipid-exhausted
sugarcane-bagasse-based adsorbent was dried to constant weight at 102–105 ◦C in an oven.
The dry adsorbent was then administered into 100 mL of fresh eutrophic water sample, and the
optimum operational conditions to remove microalgal biomass from the adsorption medium were
employed according to the first cycle, termed Cycle-1. Cycle-2 was allowed to continue until
the equilibrium was attained as confirmed from the time course measurement of the residual
microalgal biomass concentration. To that end, the adsorption efficiency and capacity were recorded
following Equations (1) and (2), respectively. The harvested microalgal biomass adsorbed onto spent
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sugarcane-bagasse-based adsorbent was subsequently subjected to lipid extraction again, followed by
drying of the lipid-exhausted sugarcane-bagasse-based adsorbent to constant weight at 102–105 ◦C.
The dry adsorbent was later reused to remove microalgal biomass from fresh eutrophic water samples
in Cycle-3 to Cycle-5.

3. Results and Discussion

3.1. Enhancement of Microalgal Biomass Adsorption from Eutrophic Water

The potential of various acid-modified sugarcane-bagasse-based adsorbents for removing
microalgal biomass via adsorption-enhanced flocculation is presented in Table 1. In essence, the
fresh negatively charged microalgal cells are hypothesized to be electrostatically attracted to the
positively charged supporting materials. The acid-modified treatment mode was employed in this
study in order to economically intensify the positive surface potential of the sugarcane-bagasse-based
adsorbents. Increasing the H2SO4 acid concentration during the treatment of sugarcane-bagasse-based
adsorbents progressively increased the separation of the microalgal biomass from the liquid medium,
reaching the highest adsorption efficiency of 89.6% while using 1.5 M of H2SO4 to acid-modify the
sugarcane-bagasse-based adsorbent. The adsorption efficiency and capacity were observed to gradually
decrease thereafter when concentrations of H2SO4 higher than 1.5 M were employed to treat the
sugarcane-bagasse-based adsorbents. Many studies have associated the reduction of adsorption
with increasing acid concentration employed for treating adsorbents to the destruction of adsorbent
structures [20,21]. Instead of agreeing with this typical rationale, the surface potentials of all fabricated
acid-modified sugarcane-bagasse-based adsorbents were measured and exploited to elucidate the
adsorption phenomena observed in this study. The positivity value of each adsorbent calculated
by subtracting the pH of the adsorption medium from their pHPZC is demonstrated in Figure 2.
A mirror image trend against either the adsorption efficiency or capacity (Table 1) was obtained for the
positivity values of increasingly H2SO4 acid-modified sugarcane-bagasse-based adsorbents. In this
regard, the 1.5 M H2SO4 acid-modified sugarcane-bagasse-based adsorbent presented the lowest
positivity value, attracting more negatively charged microalgal cells to adsorb onto the adsorbent
surfaces. On the flipside, the higher positivity values of the surface potentials of other acid-modified
sugarcane-bagasse-based adsorbents would attract more counter ions from the adsorption medium,
forming a layer of negatively charged counter ions. This layer would shield the microalgal cells from
interacting with the acid-modified sugarcane-bagasse-based adsorbents, indirectly preventing the
adsorption-enhanced flocculation processes. In the case of putting the 1.5 M H2SO4 acid-modified
sugarcane-bagasse-based adsorbent to use, the formation of this counter ions layer was inconspicuous,
thereby permitting the adsorption of greater microalgal biomass than the other fabricated adsorbents.

Table 1. The performance of various acid-modified sugarcane-bagasse-based adsorbents in removing
microalgal biomass from eutrophic water.

Concentration of H2SO4

Used for Adsorbent
Modification (M)

0.1 0.5 1.0 1.5 2.0 2.5

Adsorption efficiency (%) 88.0 ± 0.5 88.6 ± 0.3 89.4 ± 0.8 89.6 ± 0.9 86.6 ± 0.1 85.9 ± 0.1
Adsorption capacity (mg/g) 106.9 ± 0.4 107.6 ± 0.3 108.5 ± 0.3 108.9 ± 0.3 105.0 ± 0.3 104.3 ± 0.4

To examine adsorbent sizes, the 1.5 M H2SO4 acid-modified sugarcane-bagasse-based adsorbent
was sieved into four different sizes, namely, <4.0 mm, 5.6–6.7 mm, 6.7–8.0 mm, and >8.0 mm.
The residual biomass concentrations of microalgae along with the adsorption time and the consequential
adsorption capacities from the use of each adsorbent size are shown in Figure 3. Although the adsorption
capacities attained by the adsorbent sizes of 6.7–8.0 and>8.0 mm were comparable, the use of 6.7–8.0 mm
sized adsorbent could achieve a faster adsorption-enhanced flocculation equilibrium than the >8.0 mm
sized adsorbent—specifically, 0.0576 and 0.0522 g/L h, respectively. As the targeted adsorbate in
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this study was a suspended microalgal biomass having a size range of 20–50 μm rather than the
dissolved adsorbate, a large adsorbent size offered more macropores for accommodating microalgal
cells. For comparison with dissolved adsorbate, the powdered form of adsorbents is generally preferred
due to the presence of more micropores and mesopores capable of capturing the targeted dissolved
adsorbate [22,23]. However, continuous increase of adsorbent size, especially beyond 8.0 mm, would
culminate in the reduction of external surface area, impoverishing the frequency of contact between
the adsorbent and microalgal cells. Therefore, acid-modified sugarcane-bagasse-based adsorbent
with a size range of 6.7–8.0 mm was regarded as the best size for adsorption-enhanced flocculation
of microalgal biomass; its adsorption capacity increased to 143.6 ± 1.7 mg/g, as compared with only
108.9 ± 0.3 mg/g using the unsieved adsorbent (Table 1). Besides this, the flocculated microalgal
biomass adsorbed onto this size range of adsorbent could also be easily harvested from the liquid
medium via a simple sieving net.

 
Figure 2. The point of zero charge (pHPZC) values of various acid-modified sugarcane-bagasse-based
adsorbents. The values in parentheses indicate the positivity of pHPZC subtracted by pH 3, i.e., the pH
of the adsorption medium.

The adsorption capacities were maintained in a range of 143.0–148.0 mg/g when the
adsorption-enhanced flocculation processes were performed in adsorption media with pH values
between 2 and 4. Increasing the pH of the adsorption medium to 6 caused a decrease in the adsorption
capacity to 127 ± 4.3 mg/g. The adsorption capacities were noticed to plummet to merely 119.9 ± 0.5
and 104.3 ± 3.3 mg/g when the pH was shifted to basic in the adsorption media, namely, at pH values
of 8 and 10, respectively. As the 1.5 M H2SO4 acid-modified sugarcane-bagasse-based adsorbent
possessed a pHPZC value of 4.50 (Figure 2), increasing pH value of the absorption medium above
4.50 would gradually increase the adsorbent surface potential negativity. Since microalgal cells are
negatively charged, repulsion between the adsorbent and adsorbate arising from charge similarity
would debilitate the adsorption-enhanced flocculation processes of the microalgal biomass. In acidic
adsorption mediums, adsorption efficiencies of more than 80% could be easily attained at pH values
between 2 and 4. Indeed, the pH value of the eutrophic water of 3.8 ± 0.3 also fell within this pH range,
therefore safely circumventing the necessity to pretreat the eutrophic water through pH adjustment
prior to adsorption-enhanced flocculation processes.
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Figure 3. The time courses of residual biomass concentrations of microalgae adsorbed onto various
sizes of acid-modified sugarcane-bagasse-based adsorbent and the consequent adsorption capacities
from the use of each adsorbent size.

Increased amounts of adsorbent in terms of grams per 100 mL of adsorption medium increased the
adsorption capacity, as revealed in Figure 4. At an adsorbent dosage of 0.1 g/100 mL, all the macropore
active sites were swiftly occupied by microalgal cells, as demonstrated by the rapid attainment of
adsorption-enhanced flocculation equilibrium during the early time course study. The insufficient
active sites were later offset by the increasing adsorbent dosage, reaching a maximum adsorption
capacity of 192.9 ± 0.1 mg/g when 0.4 g of adsorbent was introduced into 100 mL of adsorption medium,
equivalent to an adsorption efficiency of 91.5%. Further increment of adsorbent dosages beyond
0.4 g/100 mL gave rise to the presence of increasing numbers of free active sites, thereby reducing the
adsorption capacities. Increasing the adsorbent dosage from 0.4 to 0.7 g/100 mL slightly prompted
more microalgal biomass to adsorb onto the adsorbent, steadily increasing the adsorption efficiency
from 91.5% to 94.9%, respectively. This negligible rise in adsorption efficiency was due to the presence
of excessive free active sites available to capture more microalgal cells from the diluted adsorption
medium. As the percentage point increase was only about 3% (from 91.5% to 94.9%) but required
a 75% increase in adsorbent dosage (from 0.4 to 0.7 g/100 mL), the 0.4 g/100 mL adsorbent dosage
was considered ideal for executing adsorption-enhanced flocculation processes for the remediation of
eutrophic water.

In summary, 1.5 M H2SO4 acid-modified sugarcane-bagasse-based adsorbent with a size range
of 6.7–8.0 mm was employed to spur the separation of microalgal biomass from eutrophic water
via adsorption-enhanced flocculation processes. The adsorption capacities achieved from sequential
studies were 108.9 ± 0.3 and 143.6 ± 1.7 mg/g, respectively. Subsequently, the adsorption capacity was
maintained in the range of 143.0–148.0 mg/g when adsorption-enhanced flocculation processes were
carried out in adsorption media with pH values between 2 and 4. Finally, the adsorption capacity was
further improved to 192.9 ± 0.1 mg/g when an adsorbent dosage of 0.4 g was introduced into 100 mL
of adsorption medium. A high adsorption efficiency of microalgae of 91.5% and low residual biomass
concentration of microalgae of 0.064 g/L in the adsorption medium were attained.
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Figure 4. The time courses of residual biomass concentrations of microalgae adsorbed onto various
dosages of acid-modified sugarcane-bagasse-based adsorbent and the consequent adsorption capacities
from the use of each adsorbent dosage.

3.2. Biodiesel Derived from Harvested Microalgal Biomass

The microalgal biomass harvested from the eutrophic water was then sequentially subjected to
extraction to obtain the lipid biocompounds and perform transesterification into a FAMEs mixture of
biodiesel. The lipid yield acquired from the extraction was 30.3 ± 0.0 wt %, which was very close to the
lipid yield of the control microalgal biomass of 31.0 ± 0.2 wt %. The control microalgal biomass was
harvested via the centrifugation of fresh eutrophic water. With a standard deviation value of merely
0.5%, the insignificant difference between the two lipid yields showed that the adsorption-enhanced
flocculation processes employed to remove the microalgal biomass from the liquid medium did not
have an obvious deleterious impact on the microalgal lipid content. Finally, the FAME profile obtained
from the transesterification of extracted lipids is presented in Table 2. The FAMEs are important
components of biodiesel; thus, the quality of biodiesel can be concluded from the FAME profile
study. There were 21 species of FAMEs identified in the biodiesel derived from microalgal biomass
adsorbed onto the sugarcane-bagasse-based adsorbent. Among the FAMEs, C16 to C18 were the
dominant species, making up approximately 71% of the overall FAMEs mixture. These species are
also naturally found in many oil-bearing crops, e.g., soybean, sunflower seed, cottonseed, and palm
oil, which are suitable for use as biodiesel [24]. According to Song and Pei [25], feedstock suited
for the production of biodiesel must contain palmitic (16:0), stearic (18:0), oleic (18:1), linoleic (18:2),
and linolenic (18:3) acids, which were all found in the FAME profile of the microalgal biomass adsorbed
onto the sugarcane-bagasse-based adsorbent. The saturation degrees of the FAMEs mixture were
calculated afterward and showed the mixture to contain 44.87% of saturated fatty acid (SFA), 32.55%
of monounsaturated fatty acid (MUFA), and 22.58% of polyunsaturated fatty acid (PUFA). Biodiesel
with higher levels of SFA will generally have a high cetane number and oxidative stability but poor
low-temperature properties. The presence of MUFA species of palmitoleic (C16:1), oleic (C18:1),
eicosenoate (C20:1), and erucate (C22:1) acids also essentially give rise to biodiesel with suitable
oxidative stability, besides ameliorating cold flow [26]. The presence of high levels of PUFA, on the
other hand, will offer excellent cold flow. However, this biodiesel type is easily oxidized [27]. The low
degree of PUFA (<30%) and high degree of MUFA and SFA (>65%) as reported by Mohd-Sahib
and Lim [19] were also attained in biodiesel derived from microalgal biomass adsorbed onto the
sugarcane-bagasse-based adsorbent. According to Mohd-Sahib and Lim [19], this type of FAMEs
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mixture has great potential for the production of high-quality biodiesel with acceptable oxidative
stability and cold flow properties.

Table 2. The fatty acid methyl ester (FAME) profile of biodiesel from microalgal biomass harvested via
adsorption-enhanced flocculation processes.

Carbon Number — FAME Species Composition in Biodiesel (%)

C14:1 — M. myristoleate 0.78
C15:0 — M. pentadecenoate 0.97

C15:1 — M. cis—10—pentadecenoate 1.25
C16:0 — M. palmitate 13.76

C16:1 — M. palmitoleate 1.49
C17:1 — M. cis—10—heptadecanoate 2.88

C18:0 — M. stearate 22.08
C18:1 — cis M. oleate 7.14

C 18:1 — (E) — M. 9—octadecanoate 7.74
C18:2 — M. linoleate 8.39

C18:2 — M. linolelaidate 6.60
C18:3 — M. y—linolenate 0.74
C20:1 — M. eicosenoate 7.04

C20:2 — M. cis—11,14—eicosadienoate 3.95
C20:3 — M. cis—11,14,17—eicosatrienoate 2.10

C21:0 — M. heneicosanoate 1.44
C22:0 — M. arachidate 0.35

C22:1 — M. erucate 4.23
C22:6 — M. cis—4,7,10,13,16,19—docosahexaer 0.80

C23:0 — M. tricosanoate 5.30
C24:0 — M. lignocerate 0.97

3.3. Potential Reusability of Spent Sugarcane-Bagasse-Based Adsorbent

From the point of view of sustainability, the potential to reuse spent sugarcane-bagasse-based
adsorbent after the first cycle of removing microalgal biomass via adsorption-enhanced flocculation
processes was evaluated. The performance results of spent sugarcane-bagasse-based adsorbent
for five consecutive cycles of reuse are presented in Table 3. Cycle-1 represents the first use
of virgin sugarcane-bagasse-based adsorbent upon fabrication to carry out adsorption-enhanced
flocculation processes. After extracting the lipids from the microalgal biomass adsorbed onto
sugarcane-bagasse-based adsorbent, the lipid-exhausted sugarcane-bagasse-based adsorbent was then
used to carry out adsorption-enhanced flocculation processes again in Cycle-2, and these procedures
were reiteratively repeated until Cycle-5. The adsorption efficiency diminished about 10% in Cycle-2
when compared to Cycle-1, though the adsorption capacity was still maintained above 100 mg/g.
This could be undoubtedly rationalized by the presence of vacant and unexploited active sites left
unoccupied after Cycle-1. When the same adsorbent was employed for the third time, parts of the loose
cellulosic materials were noticed to inevitably detach from the sugarcane-bagasse-based adsorbent.
Accordingly, the total weight of the lipid-exhausted sugarcane-bagasse-based adsorbent plunged about
20% to merely 0.33 g in Cycle-3. This could be due to continuous mechanical abrasion among the
adsorbent solids, stemming from the agitation provided during the adsorption-enhanced flocculation
and lipid extraction processes. As a result, the adsorption efficiency and capacity also dropped to
lowest values of 38.2% and 59.8 mg/g, respectively, in this cycle. As the material structure of the
remaining lipid-exhausted sugarcane-bagasse-based adsorbent was more firm and stable after Cycle-3,
the adsorption efficiency was observed to improve to about 48% in Cycle-4, later plateauing in Cycle-5.
As the total weight of the lipid-exhausted sugarcane-bagasse-based adsorbent did not differ much in
Cycle-4 and Cycle-5, the adsorption capacities were measured in the range of approximately 70–80 mg/g
in these two cycles.
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Table 3. Performance of spent sugarcane-bagasse-based adsorbent for reiterative removal of microalgal
biomass via adsorption-enhanced flocculation processes.

Reusability (Cycle) Cycle-1 Cycle-2 Cycle-3 Cycle-4 Cycle-5

Adsorption efficiency (%) 91.5 ± 1.1 77.5 ± 1.3 38.2 ± 1.5 48.8 ± 8.3 44.7 ± 3.0
Adsorption capacity (mg/g) 192.9 ± 0.1 129.0 ± 4.0 59.8 ± 2.2 82.5 ± 0.1 70.3 ± 1.0

Lipid-exhausted adsorbent (g) 0.42 ± 0.00 0.4 ± 0.03 0.33 ± 0.03 0.32 ± 0.01 0.29 ± 0.01

4. Conclusions

Acid-modified sugarcane-bagasse-based adsorbent was successfully employed to remove
microalgal biomass from eutrophic water via adsorption-enhanced flocculation processes. By activating
the adsorbent with only 1.5 M of H2SO4, a microalgal biomass adsorption capacity of 108.9 ± 0.3 mg/g
was achieved at equilibrium. This is due to 1.5 M H2SO4 acid-modified sugarcane-bagasse-based
adsorbent having the lowest surface positivity value among the adsorbents tested, minimizing
negative counter ion formation whilst maximizing the negatively charged microalgal cell interaction.
In enhancing microalgal biomass separation from eutrophic water, the employment of a 6.7–8.0 mm
adsorbent size resulted in an increase of the adsorption capacity to 143.6 ± 1.7 mg/g. Further optimizing
the adsorbent dosage permitted the adsorption capacity to reach 192.9 ± 0.1 mg/g with a dosage of
0.4 g of acid-modified adsorbent in 100 mL of adsorption medium. This was equivalent to a 91.5%
microalgae removal efficiency from eutrophic water. The harvested microalgal biomass also produced
excellent-quality biodiesel, as manifested by the high levels of C16–C18 components (71%) in the FAME
profile. The biodiesel quality was also proven by the low degree of PUFA (22.58%) and high degree
of MUFA (32.55%) and SFA (44.87%). From the sustainability viewpoint, the spent acid-modified
adsorbent also could be reused immediately after lipid extraction from the adsorbed microalgal biomass
without the necessity to regenerate.
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Abstract: Nigeria, being the world’s largest importer of diesel-powered gen-sets, is expected to invest
in bio-fuels in the future. Hence, it is important to examine the thermal properties and synergy of
wastes for potential downstream resource utilization. In this study, thermal conversion as a route
to reduce the exploding volume of wastes from sachet-water plastic (SWP) and oil palm empty
fruit bunch (OPEFB) biomass was studied. Thermogravimetric (TGA) and subsequent differential
scanning calorimeter (DSC) was used for the analysis. The effect of heating rate at 20 ◦C min−1

causes the increase of activation energy of the decomposition in the first-stage across all the blends
(0.96 and 16.29 kJ mol−1). A similar phenomenon was seen when the heating rate was increased
from 10 to 20 ◦C min−1 in the second-stage of decomposition. Overall, based on this study on the
synergistic effects during the process, it can be deduced that co-pyrolysis can be an effective waste for
energy platform.

Keywords: sachet-water plastic waste; oil palm empty fruit bunch; TGA-DSC analysis;
activation energy; physio-thermal analysis; co-pyrolysis

1. Introduction

Concern about the growing demand for energy, with emphasis on the developing economies,
has prompted the urgent calls to implement renewable energy planning and advancement in reducing
solid waste by utilizing it for energy production. The use of conventional energy sources is largely
responsible for increasing CO2 emissions in the atmosphere [1]. Thus, it is regarded as the underlying
cause of greenhouse gas emissions and global warming. It was reported that the African energy-related
CO2 emissions are projected to increase by about 40% by the year 2030, with Nigeria contributing
significantly to this growth [2].

According to the Power Africa Fact Sheet in Nigeria, only 45% of the nation has access to the
national power grid [3]. This electricity mix percentage is mostly generated using 80% natural gas
and 20% hydropower [4]. Another electrification method is the use of diesel-powered generator
sets (gen-sets). Self-generation of electricity became necessary to avoid blackouts, especially in the
densely-populated northern region of Nigeria. Furthermore, it is estimated that demand for energy in
Nigeria will grow by at least 500% by 2035. However, the current trajectory of the electricity supply
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will increase by around just 1% in the same period [5]. The current situation of the power generation
requires a new approach to impede the growing threats of CO2 emissions from gen-sets. In this context,
alternative energy generation from local biomass could be one of the most viable solutions to instantly
minimize the intake of fossil fuels to reduce environmental complications [6–8].

Energy from waste, mainly lignocellulosic, is advantageous due to its widely recognized social,
economic, environmental and renewable properties [9]. At the same time, plastic waste poses
an ecological dilemma due to its long life-time, and symbolizes an essential element of waste
management [10]. According to Ben-Iwo et al. and Stoler, biomass and sachet water plastics produced
from agricultural and industrial activities in Nigeria are estimated to be nearly 144 million ton y−1 and
70–100 million ton y−1, respectively [11,12]. Sachet water, primarily known as ‘pure water’, is symbolic
to the sub-Saharan region of Africa, sold in mechanically-sealed 500 mL plastic sleeves at a unit price of
not more than 0.10 US $. This water is regarded as a multibillion-dollar industry. The primary concern
related to this water industry is the generation of plastic waste that continues to be one of the most
significant threats to the region because of clogging gutters, causing routine flooding and exposing
residents to a variety of health risks. In Nigeria, waste from plastics comprises about 65% of national
solid waste streams. Therefore, in this study, the thermal and kinetic behavior of plastic waste will be
examined, and the possible application of this waste for energy generation and as a platform for waste
management will be explored.

Several methods, including gasification, hydrothermal liquefaction, combustion and pyrolysis,
have been explored to treat the waste biomass [13–15]. Among these, pyrolysis involves the
thermochemical decomposition of hydrocarbon or organic materials (usually biomass) at elevated
temperatures in the absence of oxygen. Through the pyrolysis process, biomass will be converted
into energetic products, such as bio-oil, syngas and bio-char. Researchers have explored a possible
solution by co-pyrolysis of plastic waste with biomass [16]. The co-pyrolysis with plastics is preferred
due to its ability to balance the ratios of carbon, oxygen, and hydrogen in the bio-oil derived from
biomass pyrolysis [17]. In general, plastics are known to have high hydrogen compounds which make
them suitable, and the potential substrate to improve the quality of the bio-oil product. Previous
investigations claim apparent interactions and synergistic effects between biomass and plastics in the
co-pyrolysis [18]. The inherent individual characteristics observed were due to the lower thermal
stability of biomass being caused by the presence of plastics. These contradictions may have been caused
by significant variations in composition, the origins of biomass, and complexity of chemical reactions
during pyrolysis [19]. Thus, the need for increased research on the thermal and physio-chemical
anatomization of biomass and secondary waste resources to predict the downstream product, as well
as the associated environmental impacts, is necessary.

To the author’s knowledge, no data is available on the pyrolysis of Nigerian oil palm empty fruit
bunch (OPEFB), sachet-water plastic wastes (SWP) and their blends. In view of the large amount of
OPEFB and SWP produced in Nigeria, it is necessary that a study on waste-to-value added product
should be undertaken. Further, the results are expected to provide useful information for individuals
and institutions who are interested in using Nigerian biomass and plastics for thermochemical
conversion. Therefore, the objective of the study is to determine the thermal behavioral properties
and synergy (if any) between OPEFB and SWP wastes as a potential application in renewable biofuel
and biomaterials.

2. Materials and Methods

2.1. Biomass Samples

The OPEFB samples were provided by the Nigeria Institute for Oil Palm Research (NIFOR), Nigeria
and SWP (Low Density Polyethylene) were acquired from Deezor Pharmaceuticals Limited, Nigeria.
The samples were dried in an oven at 105 ◦C for 24 h and then ground in Fristch Pulverisette (model 19)
to the size of 250 μm and further to 200 μm size in a Fristch Pulverisette (model 16).
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The biomass-plastic (OPEFB and SWP) blends were prepared with different weight percentages
(wt.%) of 20%, 40%, 50%, 60%, 80%, and 100%. However, for DSC analysis, the blends of 10, 20 and
30 wt.% of biomasses to plastic blends were used. The ratio of SWP to OPEFB was capped at maximum
of 30% (w/w) to retain OPEFB as the major component of the sample based on results from TGA
analysis of this work. To make certain of the blending homogeneity, samples were put through vortex
shaker (IKA Vortex 3) for two minutes at 2500 rpm.

2.2. Elemental and Proximate Analysis

The ultimate/elemental analysis of the sample was performed using a CHNS/O analyzer (2400
model by PerkinElmer, Waltham, MA, USA), followed ASTM D5373-93 method. The volatile matter,
fixed carbon and ash content of the sample (proximate analysis), however, were determined according
to ASTM E 897-82 and ASTM D 1102-84 method. All experiments were conducted in triplicated and
averaged values are reported in Table 1.

Table 1. Ultimate and proximate composition of samples.

Component Method Composition (wt.%)

OPEFB SWP

Ultimate analysis

Carbon (C) Elemental analyzer 54.40 86.93
Hydrogen (H) Elemental analyzer 7.64 16.54

Oxygen (O) By difference 36.44 1.39
Nitrogen (N) Elemental analyzer 1.04 0.09
Sulphur (S) Elemental analyzer 0.48 0.12

Proximate analysis

Volatile matter ASTM E 897-82 81.4 99.6
Fixed carbon By difference 18.6 0.0

Ash ASTM D 1102-84 4.6 0.4

2.3. Thermal Analysis Using Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC)

Pyrolysis of original and blend samples (~4 mg) was carried out in a programmable TG analyzer
(DSC-TGA Q Series instrument and SDT Q600 thermal analyser, manufactured by TA Instrument,
New Castle, DE, USA) from room temperature to 800 ◦C and at two heating rates (10 and 20 ◦C min−1).
Isothermal DSC measurements can be successfully applied for information about the heat capacity as a
function of temperature during phase transitions, autoxidation, thermal decomposition and adsorption
of different kinds of fuels [20]. For DSC (DSC823 manufactured by Mettler Toledo) experiments, the
samples were heated from 25 ◦C to 600 ◦C at a heating rate of 15 ◦C min−1 to measure the heat flow
during pyrolysis. For all experiments (TGA/DSC), nitrogen was used as an inert carrier gas with a flow
rate of 50 mL min−1. The instrument continuously recorded TG and DTA data which were used to
analyze its thermal characteristics and to calculate the kinetic parameters. All tests were performed in
triplicates to ensure reproducibility.

2.4. Kinetic Reaction

Several models have been used in kinetic analysis [21–23]. The Coats-Redfern is one of the
most widely-used approach to obtain the kinetic parameters of carbonaceous materials [24]. It is a
model-fitting method to determine the activation energy, pre-exponential factor and reaction order from
a single measurement of thermogravimetric [25]. In general, biomass pyrolysis can be characterized
using an infinite number of reaction mechanisms, described by the n-order law:

dα
dt

= k(T) f (α) (1)

f (α) = (1− α)n (2)
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where k(T) is the reaction rate constant, α indicates the amount of conversion or the fractional weight
loss (Equation (3)), and n is the reaction order.

α =
mi −mo

mi −m f
(3)

where mi, mo and mf are the initial mass, the current mass at time ‘t’ and the final mass of the sample
respectively. Note that α value is always between 0 and 1.

The reaction rate constant, k(T) is a function of temperature, T with a unit of K and can be expressed
as (Equation (4)) based on Arrhenius relationship.

k(T) = Ae−
Ea
RT (4)

where A symbolizes the pre-exponential factor (min−1). On the other hand, Ea indicates the activation
energy of the decomposition reaction (kJ mol−1) and R is the universal gas constant (8.314 J mol−1 K−1).
By substituting (Equation (1)) and (Equation (3)) into (Equation (4)), the kinetic equation for the sample
decomposition is expressed as follow:

dα
dt

= Ae−
Ea
RT (1− α)n (5)

For the non-isothermal case (at constant heating rate, β), however, the above equation can be
further modified to:

dα
dT
·dT

dt
= Ae−

Ea
RT (1− α)n (6)

As

β =
dT
dt

(7)

Hence, the final kinetic equation in non-isothermal TG experiments is:

dα
dT

=
A
β

e−
Ea
RT (1− α)n (8)

According to Coats and Redfern method, Equation (8) was then rearranged, integrated and finally
expressed as:

ln
{−ln(1− α)

T2

}
= ln

{
ψ
(
1− 2RT

Ea

)}
− Ea

RT
(9)

where ψ = AR
βEa

and the reaction is assumed to be first-order.

By assuming 2RT
Ea
� 1, ln

{
ψ
(
1− 2RT

Ea

)}
≈ ln(ψ) [26]. Thus, Equation (9) can be further modified to:

ln
{−ln(1− α)

T2

}
= ln(ψ) − Ea

RT
(10)

By plotting this equation, the activation energy and the pre-exponential factor can then
be determined.

3. Results and Discussion

3.1. Characteristic properties of OPEFB and SWP

In Table 1, the proximate analysis shows that the volatile matter (OPEFB: 81.4%; SWP: 99.6%) and
fixed carbon (OPEFB: 18.6%; SWP: 0%) yielded high-level reactivity and volatility benefits which were
appropriate for production of liquid fuels [27]. Nonetheless, the values in this study differ slightly, i.e.,
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by around 2%, from the experimental analysis of OPEFB reported by Oyedun et al. but are comparable
to those in other agricultural residues [27]. This could be attributed to the erratic nature of biomass due
to species of plant being used, the age of those plants, or the climate of the plantation. Interestingly,
crop origin did slightly affect the (O) element property in biomass material that is in the scope of
40 wt.% to 44 wt.%. Additionally, the ash content was at 4.6%, which was more consistent with the
results from [28,29]. Therefore, this low value of ash is expected to have a positive effect on heating
value since high-level ash quotas in biomass are known to lead to unfavorable yield conditions in
terms of liquid by-product in fast pyrolysis [30].

The pure samples (OPEFB: SWP) contained traces of Carbon (C), 54.4: 86.93%, Oxygen (O) 36.44:
1.39% and Hydrogen (H) 7.64: 16.54% respectively. The plastic material had higher C and lower O
contents, and therefore lower O/C ratio. On the other hand, the OPEFB biomass had higher sulphur
contents compared to the SWP plastics. The content of sulphur (0.48%) in OPEFB is slightly higher
than in the SWP (0.12%) of plastic wastes. It has been reported that the typical amount of sulphur in oil
palm empty fruit bunch biomass materials is in the range of <0.1 to 0.68% [27,29]. Thus, the 0.48 wt.%
value determined in this study is consistent, irrespective of the geographical location. The trace of
sulphur in plastic could be because waste plastic contains some contamination, e.g., in the pigment
used to impart color in the plastic material [31].

3.2. Thermal Characteristics

Figures 1 and 2 show the TG and DTG curves of OPEFB, SWP, and their blends at a heating rate
of 10 and 20 ◦C min−1 in a nitrogen environment. The pyrolysis process in the present study was
differentiated into three main stages; (a) drying stage (30–120 ◦C), (b) pyrolysis stage (120–500 ◦C), and
(c) char stage (500–800 ◦C).

The initial weight loss that occurred during the drying stage from room temperature to about
120 ◦C is due to the removal of free and bound moisture content. SWP showed almost no mass loss in
the drying stage as compared to OPEFB (which suffered about 7.1 wt.% mass loss in this region) [32].
The drying stage can also be detected from the presence of the first small peak in the DTG curves
(Figures 1B and 2B). A similar phenomenon was also reported by Xu et al. in their work on pine
sawdust with and without polyvinylidene [19].

 
(a) (b) 

Figure 1. (a) TG, and (b) DTG curves for OPEFB and SWP samples and their blends at heating rate of
10 ◦C min−1.
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(a) (b) 

Figure 2. (a) TG, and (b) DTG curves for OPEFB and SWP samples and their blends at heating rates of
20 ◦C min−1.

The pyrolysis stage follows immediately after the moisture was released in two stages; (a) pyrolysis
of light volatization between 120 and 220 ◦C. At this stage, the chemical structure of the polymer
and biomass starts to depolymerize and soften though without any loss in mass [16]. The next
significant weight loss occurred during (b), the main pyrolysis in the temperature range between
220 ◦C and 500 ◦C due to the removal of heavy organic compounds. The pyrolysis of original OPEFB
and SWP showed only one major peak in the central pyrolysis region. The total weight loss in this
region for OPEFB and SWP was about 62 wt.% and 94 wt.%, respectively. Basically, during this stage,
the biomass gets converted into volatiles which contain condensable and non-condensable gases.
Original SWP plastic (100%) depicted a single peak at both heating rates (10 and 20 ◦C min−1) in
this region, as evident in Figures 1A and 2A. The major weight loss (~94 wt.%) for SWP started
at 456 ◦C (at 10 ◦C min−1) and 398 ◦C (at 20 ◦C min−1) and completed at 505 ◦C (at 10 ◦C min−1)
and 497 ◦C (at 20 ◦C min−1). This thermal behavior of plastic was similar to that in previous
studies [27,33]. The thermal decomposition of plastic is vastly different among biomass materials
due to different chemical bonds. The degradation mechanisms of polymers are due to the rapid
primary hemolytic scission and intra-molecular hydrogen transfer in macro-radical forming oligomers
at low temperatures, i.e., around 300 ◦C [34]. This random scission and de-polymerization occur at
intermediate temperatures of 500 ◦C, further b-scission, and intra-molecular hydrogen transfer to form
ethylbenzene, toluene, and a-methylstyrene at ~600 ◦C [34]. In theory, lignocellulosics such as oil
palm empty fruit bunch is acknowledged to contain significant amounts of cellulose, hemicellulose
and lignin [35], and the devolatilization has been shown to primarily correspond to the degradation
of the components occurring in this region of significant weight loss [36]. Within this temperature
range, the devolatilization stages of OPEFB can be divided into the lower temperature stage between,
195 ◦C and 300 ◦C, representing hemicellulose decomposition, and the intermediate temperature stage,
270–370 ◦C representing cellulose decomposition. It was reported that the significant devolatilization
of biomass is because of the thermal formation of more stable and stronger bonds which replace the
weaker bonds in the biomass structure [37]. The findings of the present study are in agreement with
those obtained by previous researchers [38,39].

Some interesting facts were revealed when the OPEFB biomass was blended with SWP at different
weight percentage ratios. Obvious differences in the pyrolysis of the original OPEFB/SWP from blend
were noticed in the central pyrolysis region. The blends showed two peaks, with the DTG peak height
and positions depicting the reactivity of the materials [40]. For instance, with the increase in biomass
weight percentage in the blend, the reactivity and the mass loss rate of blends decreased significantly,
depicting some degree of interaction between the two samples. Thus, it seems that the decomposition
of biomass is, to some extent, affected by the presence of plastic and vice versa. According to Fang et al.,
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the pattern of the fractured surface characteristic of OPEFB may provide substantial information about
the adhesion and interfacial compatibility between the OPEFB fiber and SWP during co-pyrolysis [41].
The fractured surfaces in OPEFB also implies the potential of the higher hygroscopic behavior of the
material. Hence, simultaneous degradation may be observed during the co-pyrolysis process, and
thus, might re-orientate the chemical and thermal features of the co-pyrolysis.

Furthermore, it is reported that plastic starts softening at around 365 ◦C, but does not decompose
completely [32]. In this study, based on Figures 1A and 2A, it can be observed that there was a slight
drop in the weight loss of the SWP, which indicated that within the heating range there was an effect
on the heat and mass transfer process. The peaks in this stage might overlap due to the simultaneous
devolatilization of both OPEFB and SWP materials, resulting in an amplified synergetic effect. Also,
a gap exists between the 2nd and 3rd peaks of the DTG curves (Figures 1B and 2B), which is similar
to the results obtained by Oyedun et al. [27]. Worthy of note in Figure 2B is the fact that the OPEFB
(50) +SWP (50) blend and SWP (100) depicted tails in the second peak at temperatures beyond 500 ◦C.
This feature is different to the pyrolysis under 10 ◦C min−1 shown in Figure 1B. This might be due to
the uneven pyrolysis of the constituents. In many cases, this is difficult to avoid due to the preparation
procedures of the samples.

Table 2 displays the initial and final temperatures, peak temperatures and total mass loss in
the main pyrolysis stage for biomasses and their blends. A shift in the pyrolysis range and peak
temperature was observed due to biomass with SWP blending. A similar observation was reported in
a previous work [42], and can be attributed to the thermal resistance between the reacting and evolved
species which occur at higher heating rates. The initial degradation temperature in Table 2 shows
the minimum temperature where the feedstock starts to decompose, which is also important because
it gives information about the minimum ignition temperature required to decompose the material.
For instance, the initial degradation temperature of OPEFB was 225 ◦C, as reported by Abdullah and
Gerhauser [28]. However, in the present study, it was about 216 ◦C, a slightly lower than the values
reported by previous authors. This could be due to the difference in the analysis method such as
particle size at 250–355 μm; furthermore, a 100 mL min−1 nitrogen flowrate was applied in the work of
Abdullah and Gerhauser [28]. On the other hand, the initial degradation temperature for SWP was in
close agreement with the study of Banat and Fares [43].

Table 2. Properties of active pyrolysis zone at different heating rates.

Component
Heating Rate

(◦C min−1)

Pyrolysis Range
(◦C)

Peak Temperature
(◦C)

Total Mass Loss
(%)

OPEFB: SWP
100:0 10 219–380 328 59.98

20 216–364 335 58.4
80:20 10 220–502 337 & 484 72.29

20 220–497 332 & 483 74.5
60:40 10 232–498 339 & 480 77.33

20 220–502 337 & 485 81.5
50:50 10 243–503 331 & 485 83.40

20 237–552 304 & 460 93.16
40:60 10 235–503 329 & 481 83.96

20 237–502 338 & 483 85.7
20:80 10 262–501 329 & 486 89.14

20 273–501 329 & 484 90.75
0:100 10 464–507 486 94.45

20 411–497 480 92.55

The last stage is called char or the carbonization stage, in which the carbon-rich residual is formed
due to the relatively slow degradation of lignin. In this study, slow and steady weight loss could be
observed at temperatures of around 500 ◦C. Typically, the degradation of lignin starts from the very
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early stage, i.e., from 300 ◦C and continues until 800 ◦C [44]. In this study, the carbonization stage of
the lignin component of biomass OPEFB takes place within a temperature range of approximately
375–800 ◦C. The mass loss in this stage was about 22 wt.% for OPEFB. Meanwhile, the final residue from
the carbonization stage of SWP was about 5 wt.% at 500 ◦C and completely melted at 650 ◦C. The leftover
char residues at the end of pyrolysis (~700 ◦C) were about OPEFB20+SWP80 (17.2 &17.7 wt.%), OPEFB40
+ SWP60 (14.9 & 13.8 wt.%), OPEFB50+SWP50 (11.3 & 2.8 wt.%), OPEFB60+SWP40 (11.3 & 10.5 wt.%),
OPEFB80+SWP20 (7.8 & 7.6 wt.%) at 10 and 20 ◦C min−1 respectively. Among the blends, the char
residues decreased in mass loss with increasing portions of OPEFB with OPEFB80+SWP20 showing the
highest degradation rate. These variations further suggest a synergetic effect among the biomass and
plastic mixtures in that the chemical components of the plastic are acting as catalyst [38,45]. This gives
new insights into the behavior of co-adding plastics in the co-pyrolysis of biomass which have not
been widely discussed in previous studies. However, the effect of the heating rate on the char residues
is less pronounced, except in the case of OPEFB50+SWP50 at 20 ◦C min−1, which could be attributed
to mixing errors.

3.3. TGA Kinetic Analysis

The kinetics parameters of OPEFB, SWP and blends co-pyrolysis were determined using Coat
Redfern’s (CR) Method. The activation energy, Ea was estimated from the slope of -(Ea/RT) by a linear
fit of the experimental points. By substituting this value back into the CR Equation (Equation (10)) gives
the pre-exponential factor. The peak temperature (Tp) of each reaction, as revealed in Figures 1 and 2,
is to be expected within a small range around the local maximum of mass loss rate. Listed in Table 3
are the calculated values for the kinetic parameters, including activation energy, Ea, pre-exponential
factor, A, and reaction rate constant at peak temperature, of all the samples at the applied heating rates
of 10 and 20 ◦C. In all cases, the value of R2, (correlation coefficient) of the fitting straight line was
above 0.90; this indicates that the corresponding non-isothermal model-fitting is in good agreement
with the pyrolysis analysis and kinetics [46]. Furthermore, a comparison of the selected heating
rates on pyrolysis of blends on solid-state kinetics data is presented. There is limited evidence in the
literature of the effects of different heating rates on the kinetics of thermal decomposition to describe
the devolatilization process in co-pyrolysis of biomass and plastics.

From Table 3, the thermal decomposition of OPEFB and SWP can be described by a single step
reaction, while their blends showed two consecutives first and second step reactions. In view of the
results of the kinetic parameters of the isolated samples tabulated in Table 3, it may be seen that a
pure sample of SWP at varying heating rates (10 and 20 ◦C min−1) has the least conversion and slower
reactive characteristics due to its higher (Ea) value of 346.93 and 234.36 kJ mol−1. Nonetheless the
pre-exponential factor which expresses the probability of colliding molecules resulting in a reaction
revealed 2.95 × 1023 min−1 and 9.13 × 1015 min−1 respectively. It was also expected that higher heating
rates reduce the complex energy required to decompose the polymer atoms. This confirms that
plastics decompose at higher temperatures (480–486 ◦C). As to the isolated OPEFB sample the (Ea)
values of 46.83 and 44.21 kJ mol−1 was revealed at 10 and 20 ◦C min−1 and decomposes at a much
lower temperature range (227–334 ◦C), compared to isolated SWP. Thus, a similar trend could be
deduced regarding the effect of heating rate on their activation energies. Nonetheless, the effect of
the heating rate is more apparent in the degradation mechanism of solid-state reactions of the SWP.
The kinetics parameters in Table 3 also show that the temperature and energy needed to decompose the
blends is higher with a higher weight percentage of SWP or plastic. Meanwhile, Nyakuma examined
decomposition of pelletized oil palm empty fruit bunch through thermogravimetric analyzer and
calculated kinetic parameters in the range from 36.60 kJ mol−1 to 233.92 kJ mol−1 through Popescu
method [47]. Also, the apparent (Ea) and (A) obtained with the CR method employed in this study
were in accordance with different biomass as demonstrated by the Ea values for oil palm empty fruit
bunch, 50.37 kJ mol−1 [27] and those of other biomass species including almond and hazelnut shells
(11.2–254.4 kJ mol−1) and (40.3–144.9 kJ mol−1) [48]. Similarly, in comparison with the polystyrene
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parameters reported in the literature, the activation energy obtained in this study at 10 and 20 °C min−1

falls within the reported ~213.78 kJ mol−1 [49] to 253.69 kJ mol−1 [50].

Table 3. Kinetics parameters of samples at different heating rates.

Reaction
Heating Rate

(◦C min−1)
Tp (◦C) R2 Ea (kJ mol−1) A (min−1)

Reaction Rate Constant
at Tp (min−1)

Average
Standard
Deviation

OPEFB 100
10 327 0.9821 46.83 1.29 × 103

0.15 0.038620 334 0.9655 44.21 1.18 × 103

OPEFB 80, SWP
20-First stage

10 331 0.9934 48.42 1.10 × 103
0.10 0.033220 332 0.9894 49.97 2.84 × 103

OPEFB 80, SWP
20-Second stage

10 486 0.9467 75.14 3.05 × 104
4.22 4.0120 484 0.9659 72.33 8.05 × 105

OPEFB 60, SWP
40-First stage

10 320 0.9948 49.89 1.10 × 103
0.07 0.02720 334 0.9926 50.85 2.34 × 103

OPEFB 60, SWP
40-Second stage

10 480 0.9523 93.25 7.03 × 105
0.42 0.176320 484 0.9281 123.65 2.01 × 108

OPEFB 50, SWP
50-First stage

10 327 0.9934 45.81 3.28 × 102
0.04 0.010720 316 0.9910 49.28 1.29 × 103

OPEFB 50, SWP
50-Second stage

10 485 0.9627 183.00 1.72 × 1012
0.54 0.120220 464 0.9862 112.16 5.89 × 107

OPEFB 40, SWP
60-First stage

10 326 0.9748 45.46 3.11 × 102
0.06 0.022320 334 0.9992 61.75 1.61 × 104

OPEFB 40, SWP
60-Second stage

10 479 0.9587 217.67 4.30 × 107
0.40 0.400220 484 0.9463 195.99 2.66 × 1013

OPEFB 20, SWP
80-First stage

10 327 0.9066 40.08 3.91 × 101
0.02 0.009220 335 0.9683 55.97 1.99 × 103

OPEFB 20, SWP
80–Second stage

10 481 0.9395 240.26 1.55 × 1016
0.62 0.264820 482 0.9393 229.86 7.02 × 1015

SWP 100
10 486 0.9092 346.93 2.95 × 1023

0.71 0.311120 480 0.9540 234.36 1.83 × 1016

In the case of kinetic results of the blended mixtures generally as expected, the (Ea) manifested a
significant increase alongside the corresponding (A) with an increasing percentage of SWP in blends.
The experimental data shown in Table 3 revealed that the values obtained for (Ea) and (A) of the
SWP/OPEFB blends are relatively different from those of the individual materials. This means that a
synergetic effect is observed in the SWP/OPEFB blends that might have an overlapping degradation
temperature, which creates the opportunity for free radicals from biomass pyrolysis to participate in
reactions of plastic decomposition. For example, the activation energies of 80 and 60% composition of
SWP were much higher than the value obtained from the pyrolysis of pure samples, and presented
obvious changes with the increase of plastics weight percentage. However, the value of the activation
energy and pre-exponential factor decreases when the weight percentage of SWP in the blend decreases.
Similar results have been reported in previous studies [17,33]; however, interestingly, the addition of
SWP in the OPEFB biomass revealed a negligible effect on the activation energy at the first reaction
order of decomposition.

However, at the second stage, an appreciable increase in action energy was revealed. At higher
compositions of SWP 80% Ea was 40.08 kJ mol−1 and 240.26 kJ mol−1 at heating rate of 10 ◦C min−1 in the
first and second stages, respectively. A similar trend was observed for the heating rate of 20 ◦C min−1,
where the activation energy of 60% SWP composition was 61.75 kJ mol−1 and 195.99 kJ mol−1 in the first
and second stages, correspondingly. On the other hand, the kinetics parameters in Table 3, remarkably
show that less energy is required to decompose the blends (below 50%), depicting a favorable synergistic
effect between lower mass percentages blends of SWP lowering the activation energy. This technically
supports the discrepancy that in co-pyrolysis, the ratio of feed is the most significant variable in product
yield and economics [16,51].
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Overall, a higher heating rate (20 ◦C min−1) will lead to (average 10%) an increase in the activation
energy of the decomposition in the first stage across all the blends in the range of 0.96 kJ mol−1 and
16.29 kJ mol−1. Remarkably, varying the heating rate from 10 to 20 ◦C min−1 in the second stage of
decomposition reaction shows, as in the previous case, an increase in activation energy, with one
exception at OPEFB50:SWP50, while with a 50% SWP in blend, a higher heating rate of 20 ◦C min−1

favors a decline in the activation energy from 183.00 to 112.16 kJ mol−1. This can be explained by
the aforementioned phenomenon whereby the increase in the heating rate on isolated OPEFB and
SWP result in decreasing activation energy. In this case, the homogeneous blend of equal samples
followed the same reaction pathway correspondingly result in much lower activation energy. It can
also be concluded that a significant difference can be seen in the distribution of the thermal and
elemental composition.

It can also be concluded that significant differences can be seen in the distribution of the thermal
and elemental composition. Furthermore, the SWP can be identified as low density polyethylene
(LDPE) from the elemental composition and the pattern of thermal degradation [52]. The SWP
presented a heat release rate curve typical for intermediately thin non-charring materials of LDPE
family [53]. The burning time was very short, with a steady increase in heat release rate after ignition
up to the peak heat release rate at the end of combustion. Furthermore, the heat release rate pattern
showed hardly any shoulder, with the pyrolysis involving nearly all the LDPE material at once due to
the complete melting of the polymer [54], this interpretation was confirmed by visual observation of
the thermogravimetric curves in Figures 1 and 2.

3.4. DSC Analysis

Based on the findings from the TGA analysis, lower portions of SWP in blends do not lead
to a significant increase in the energy required to decompose the co-pyrolysis system. Therefore,
this section examines further the enthalpy of reaction at 15 ◦C of lower blends (10, 20 and 30 wt.%)
of SWP. Differential scanning calorimetry (DSC) is widely employed to assess the heat evolution
and spontaneous combustion of carbonaceous materials, due to its sensitive analyses at relative
temperatures [55]. The DSC heat evolution curve stipulates quantitative data of the heat flow, enabling
the kinetics analysis during thermal heating. There are several DSC based methods for the kinetic
analysis including ASTM methods (Kissinger– Akahira–Sunose and Ozawa–Flynn–Wall) [25] and the
Roger & Morris method [56]. The ASTM method relies on measuring the exothermic peak temperature
at various heating rate, thereby resulting in the kinetics reflecting the main region of combustion.
The profiles of the heat evolution rate of samples (OPEFB-100%, OPEFB-90%: SWP-10%, OPEFB-80%:
SWP-20%, OPEFB-70%: SWP-30% and SWP-100%), thermally decomposed from 25 ◦C to 600 ◦C at a
fixed heating rate of 15 ◦C/min, are illustrated in Figure 3. The single heating rate DSC test at 15 ◦C min−1

is the best for the application of ASTM approach, which has the advantage of reducing the required
time, compared other approaches [55]. DSC analysis of pure OPEFB and SWP samples registered
four and two exotherms, respectively, while each of the blended samples registered three stages.
The exothermic effect differs from one material to another depending on the chemical composition
and decomposition behavior of the material. The maximum temperature of the exotherms in the first,
second, third and fourth regions were seen at 87–122 ◦C, 240–251 ◦C, 339–340 ◦C, and 465–491 ◦C,
respectively. The first region corresponds to moisture release region, and it was found between 42 ◦C
and 131 ◦C for pure OPEFB sample and between 95 ◦C and 128 ◦C for pure SWP sample. The second
thermal zone was determined to be between 147 ◦C and 292 ◦C for OPEFB and between 152 and 332 ◦C
for sample comprising 70% OPEFB and 30% SWP blends. The third thermal zone was determined to
be between 315 and 353 ◦C for pure OPEFB, 287 and 355 ◦C, 295 and 354 ◦C for OPEFB: SWP blended
ratios 90:10 and 80:20, respectively. This reflects the heat evolution of the representative samples, in
which similar pattern was indicated by the TG and DTG curves in Figures 1 and 2. The melting of the
various crystals led to several relatively broad, endothermic and exothermic peaks. The shape of the
peak mirrors the size and weight distribution of the crystals and are among the characteristics of a
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material. The peak region marked on the experimental thermogram corresponds to the region of some
physical or physicochemical processes and is dependent on internal factors, such as the structural
nature of the material, quantity and thermal conductivity of the sample and external factors such as
crucible shape and material, heating rate, the position of the thermocouples [57].

Figure 3. DSC evolutions of sample species evaluated (15 ◦C min−1).

The enthalpy of a material has a direct correlation with the material’s heating value, i.e., the ratio of
the enthalpy of complete combustion to its mass [58]. It is an important thermal parameter in the reactor
design and predicting efficiency of bioenergy applications. The temperatures and internal energies
(enthalpy) corresponding to the beginning, maximum, and the end of the exothermic reactions are
summarized in Table 4. The energy of a phase transition was calculated directly from the thermogram
of the investigated material from the experimental function according to the kinetics.

Table 4 displays the heat released (J g−1) through the reaction progress; it is not surprising that
with increasing the SWP ratios, a shift towards lower H values was observed during the first stage
decomposition. Also, isolated SWP sample exhibited lower values of heat released (117.39 J g−1) as
compared to the OPEFB (147.69 J g−1) at the first stage of decomposition. It is no surprise that a
high amount of heat was recorded during this stage. For the combustion reaction to proceed, energy
is needed to overcome the tightly bonded cellulose and hemicellulose to lignin. The results were
in agreement to some extent with previous studies [27,59]. Then, the (H) value for isolated OPEFB
declined through the four decomposition stages to 18 J g−1. Typically, it is expected for the (Ea) and
(H) energies to progressively decrease due to the biomass composition mechanism as each of the
components can decompose by parallel exothermic processes. Meanwhile, there was a significant
further increase in the (H) of isolated SWP from 117.39 to 1030.19 J g−1 in its first and forth stages
of decomposition, which is generally attributed to β-scissors reaction and in agreement with the TG
studies. The net enthalpy of pyrolysis for the blended samples studied in this work were 398.18 J g−1

(OPEFB, 90: SWP 10); 365.32 J g−1 (OPEFB, 80: SWP, 20); 317.91 J g−1 (OPEFB, 70: SWP, 30). This can
clearly be seen to be higher than that of pure biomass (276.82 J g−1) and much lower than for pure SWP
plastic (1147.58 J g−1). The reason for this was that the heat flow of the blended samples at the final
stage of decomposition were zero, which would indicate that no degradation reactions had taken place.
However, through a comparison of the devolatization stage with the findings of TGA results, it could
be observed that enthalpy (40.72) for OPEFB100% was similar to those of TGA. But a significant gap
was observed for the case of SWP100%. Nonetheless, blends showed proof of a synergistic effect, and
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support the TGA findings in which a lower percentage weight of SWP in the co-pyrolysis mixture does
not significantly boost energy required for the decomposition in both of the first stages of delovatization
(84.42 J g−1 for OPEFB90:SWP10, 59.83 J g−1 for OPEFB80:SWP20, and 88.97 J g−1 for OPEFB70:SWP30)
and second stage decomposition (158.21 J g−1 for OPEFB90:SWP10, 161.04 J g−1 for OPEFB80:SWP20,
and 145.4 J g−1 for OPEFB70:SWP30).

Table 4. DSC results of the samples.

Sample (%) TOnset (
◦
C) TPeak (

◦
C) TEndset (

◦
C) Enthalpy, H (J g−1)

First stage
OPEFB, 100 42.06 87.64 131.32 147.69

OPEFB, 90: SWP 10 45.21 91.04 130.31 155.55
OPEFB, 80: SWP, 20 42.04 90.42 146.40 144.45
OPEFB, 70: SWP, 30 89.66 120.77 127.50 83.54

SWP, 100 95.30 122.15 122.15 117.39
Second stage
OPEFB, 100 147.23 240.96 292.32 88.41

OPEFB, 90: SWP, 10 - - - 84.42
OPEFB, 80: SWP, 20 - - - 59.83
OPEFB, 70: SWP, 30 152.08 251.87 332.97 88.97

SWP, 100 - - - -
Third stage

OPEFB, 100 315.25 340.20 353.66 22.28
OPEFB, 90: SWP, 10 287.90 339.55 355.90 158.21
OPEFB, 80: SWP, 20 295.60 339.89 354.82 161.04
OPEFB, 70: SWP, 30 - - - 145.40

SWP, 100 - - - -
Forth stage

OPEFB, 100 437.11 465.29 520.42 18.44
OPEFB, 90: SWP, 10 423.74 484.73 517.18 -
OPEFB, 80: SWP, 20 476.52 487.21 515.89 -
OPEFB, 70: SWP, 30 476.17 489.27 510.80 -

SWP, 100 455.68 491.56 511.48 1030.19

4. Conclusions

This study examined the thermal decomposition behavior and kinetics of Nigerian native oil
palm empty fruit bunch, sachet-water plastic wastes and their blends under non-isothermal inert
conditions at different heating rates. The findings show that the co-pyrolysis of OPEFB biomass and
SWP plastic mixture exhibits a diverse pyrolysis reactivities at different temperatures. The co-pyrolysis
of OPEFB and SWP clearly showed synergic effects due to the difference in thermal behavior and
kinetics parameters. In short, the results show that co-pyrolysis can be an effective method to dispose
of wastes (biomass and sachet water, SWP) and convert them into useful energy. The experimental
data obtained with a model-free method would be helpful in the design and development of energy
systems for sustainable waste utilization for energy.
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Abstract: The removal of oil from waste water is gaining increasing attention. In this study, a novel
synthesis method of green superhydrophobic/superoleophilic wood flour is proposed using the
deposition of nano–zinc oxide (nZnO) aggregated on the fiber surface and the subsequent hydrophobic
modification of octadecanoic acid. The as-prepared wood flour displayed great superhydrophobicity
and synchronous superoleophilicity properties with the water contact angle (WCA) of 156◦ and
oil contact angle (OCA) of 0◦ for diesel oil. Furthermore, the as-prepared wood flour possessed
an excellent stability, probably due to the strong adhesion of nZnO, which aggregates to the fiber
surface of wood flour with the action of glutinous polystyrene. The maximum adsorption capacity of
as-prepared wood flour was 20.81 g/g for engine oil, which showed that the as-prepared wood flour
is a potential candidate as an efficient oil adsorbent in the field of water-oil separation. Moreover,
it has good chemical steadiness and environmental durability. Taken together, all the information
acquired from this research could be valuable in evaluating the potential of as-prepared wood flour
as a competitive and sustainable oil-water separation material.

Keywords: wood flour; oil adsorption; superhydrophobic; superoleophilic; oil-water separation;
sustainable material

1. Introduction

With the rapid development of modern industry, the growing crisis of global water pollution is
severely affecting the environment [1–5]. A representative case is the explosion at British Petroleum’s
Deepwater Horizon oil rig in 2010, which resulted in the loss of life and property, as well as the
spillage of huge amounts of oil into the ocean [6]. To date, various materials and approaches have been
adopted to remove spilled oil from water bodies, including physical diffusion [7], activated carbon [8],
oil containment booms [9], exfoliated graphite [10], waste barley straw [11,12] and membranes [13,14].
Nevertheless, these traditional techniques have certain deficiencies, such as being time-consuming,
economically infeasible, environmentally damaging and non-renewable. Therefore, the exploration
and use of novel green materials, which can effectively separate oil contaminants from water,
is highly desirable. This is not only important for environmental protection, but also for sustainable
urban development.

In recent years, a number of self-cleaning plant surfaces have drawn significant research attention.
The superhydrophobic nature of lotus leaves is a good example of this [15–18]. In general, the water
contact angle is a critical index used to characterize the wettability of a surface. Due to their remarkable
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waterproofing performance, superhydrophobic materials have been prepared through various
approaches, involving a sol-gel process [19], vapor phase deposition [20], chemical etching [21,22],
surface fluorination [23] and electrospinning [24]. To date, a number of advanced materials with
superhydrophobic and superoleophilic properties have been synthesized and applied to the disposal
of spilled oil [25–29]. For example, Wang et al. [30] developed a facile electrochemical deposition
method to prepare a novel functional micro-nano hierarchical structured copper mesh film with special
superhydrophobic and superoleophilic characteristics for the effective removal of oil from water.
Zhang and Seeger [31] successfully synthesized superhydrophobic and superoleophilic polyester
textiles using silicone nanofilaments using one-step growth, which could be used for oil/water
separation. Cortese et al. [32] described a convenient approach to fabricate cotton textiles with
superhydrophobic and superoleophilic properties using plasma-enhanced chemical vapor deposition.
Yue et al. [33] developed a kind of superhydrophobic cellulose/LDH (layered double hydroxide)
membrane and applied it in an open oil/water two-phase system. Li et al. [34] successfully synthesized
superhydrophobic/superoleophilic cotton fabrics combined with polyvinylsilsesquioxanes polymer
and nano–Al2O3 particles.

Wood flour is one of the most common forms of agricultural waste, and when burnt, can cause
severe environmental problems, such as dust or air pollution. There is an urgent need to reuse
waste wood flour in a sustainable way, which could alleviate these problems. Wood flour has the
advantages of having a low density, being bio-degradable, eco-friendly and low-cost [35]. However,
the synthesis of superhydrophobic and superoleophilic materials using waste wood flour has received
little research attention. In this work, wood flour was evenly coated with a layer of octadecanoic
acid-modified nZnO aggregates with the assistance of glutinous polystyrene, which enabled it to
acquire an excellent performance with regards to both superhydrophobicity and superoleophilicity.
The superhydrophobic/superoleophilic wood flour with a WCA of 156◦ and OCA of 0◦ was prepared
for an efficient oil removal from contaminated wastewater. Regardless of the oil or organic solvent,
the maximum oil adsorption capacity of the as-prepared wood flour was almost three-fold higher
than the pristine wood flour. The adsorption efficiency ranged from 98% to 100%. After the adsorbed
oils were removed using acetone, the superhydrophobic/superoleophilic wood flour could be reused
multiple times with a good chemical stability and environmental durability.

2. Materials and Methods

2.1. Materials and Chemicals

The wood flour used in this study was obtained from the Larch species (Larix gmelini),
provided by the Carpentry Laboratory of Northeast Forestry University, China. Hydrogen peroxide,
sodium hydroxide, hydrochloric acid, octadecanoic acid and anhydrous ethanol were provided by
Tianjin Kaitong Chemical Reagent Co., Ltd., Tianjin, China. Zinc nitrate was purchased from Tianjin
Hengxing Chemical Reagent Manufacturing Co., Ltd., Tianjin, China. Polystyrene (Mw = 101,900) was
purchased from Shanghai xibao Biological Technology Co., Ltd., Shanghai, China. Methylbenzene
was obtained from Tianli Chemical Co., Ltd., Guangdong, China. The gasoline, crude oil, diesel,
engine oil, chloroform, n–hexane and toluene were purchased from Tianjin Hengxing Chemical Reagent
Manufacturing Co., Ltd., Tianjin, China. All chemical reagents were of analytical grade, and used
without further purification.

2.2. Pretreatment of Wood Flour

Raw wood flour was first sifted through a filter screen with a uniform grading smaller than
74 μm. Then, 1.5 g wood flour was dipped into 7 mL hydrogen peroxide (30%) and 200 mL sodium
hydroxide aqueous solution (0.5 wt.%) at room temperature under constant stirring for 14 h. After that,
hydrochloric acid (6 mol/L) was added to adjust the pH within the range of 6.5–7.0. Finally, the wood
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flour was washed several times using ultrapure water and dried at 50 ◦C for 3 h until the weight
became constant.

2.3. Preparation of nZnO Particles

2.4 g sodium hydroxide and 200 mL ultrapure water were added to a 250 mL round-bottom flask
in a water bath with constant magnetic stirring at 70 ◦C for 10 min. Then, 2.0 g of zinc nitrate was
added to the sodium hydroxide solution and continuously stirred for 8 h. The solution was placed at
room temperature for some time. Next, the non-reacted reagents or by-products were removed using
ultrapure water and anhydrous ethanol. The final solution was dried for 5 h in a vacuum oven at 60 ◦C.
Finally, the particles of nZnO were obtained as white powder.

2.4. Fabrication of the Green Superhydrophobic/Superoleophilic Wood Flour

0.1 g wood flour and 0.1 g nZnO particles were mixed and immersed in a beaker containing
10 mL ethanolic octadecanoic acid solution (5%, m/v). The mixture was maintained at 70 ◦C for 5 h,
washed with anhydrous ethanol and dried in an oven at 60 ◦C for 4 h to obtain octadecanoic acid
modified-nZnO nanoparticles coated on the wood flour surface. Afterwards, the modified-nZnO
wood flour composites were mixed with 10 mL (2%, m/v) of polystyrene methylbenzene solution.
Finally, the superhydrophobic/superoleophilic wood flour was dried at 50 ◦C for 2 h until the weight
became constant.

The mechanism of the interaction of nanoparticles, coated by octadecanoic acid with wood flour
fibers, was as follows. Hydroxyl groups on the surfaces of ZnO particles interacted with the hydroxyl
groups on the surfaces of wood flour fibers through the formation of hydrogen bonds, thus making the
ZnO particles homogeneously cover the wood flour surface. Octadecanoic acid chemically reacted
with ZnO to generate modified-ZnO particles, as shown in Figure 1b,c. Polystyrene reagent served as
a binder to cover the surfaces of the modified-ZnO particles and wood flour fibers, which resulted
in a firm adhesion of nanoparticles onto the fiber surface. Figure 1a shows the generation of ZnO
aggregates on the sample surface. In fact, the ZnO nanoparticles on the surface of the final product
existed as ZnO aggregates.

Figure 1. (a) Synthesis route for the preparation of superhydrophobic/superoleophilic wood flour.
(b) Graphical representation for the modification of the ZnO particle with octadecanoic acid. (c) Chemical
structure of octadecanoic acid.
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2.5. Separation of Oil/Water Mixtures

0.5 g of as-prepared wood flour was added to a beaker containing a 150 mL mixture of water and
diesel oil, which was dyed red using Sudan III in order to easily and clearly observe the phenomenon.
After the adsorption, the red wood flour was recovered on the surface of the water.

The oil adsorption capability was defined using Equation (1):

Q = (m2−m1)/m1 (1)

where Q is the oil adsorption capability (g/g); m2 is the weight of the wood flour after adsorption (g),
and m1 is the initial weight of the wood flour before adsorption (g).

2.6. Characterization of the Green Superhydrophobic/Superoleophilic Wood Flour

2.6.1. The Surface Morphologies of Wood Flour Sample

Scanning electron microscopy (SEM, FEI QUANTA200, Hillsborough, Oregon, USA) was used to
examine the surface morphologies of the pristine and superhydrophobic/superoleophilic wood flours
under the condition that all specimens were pre-coated with a layer of gold.

2.6.2. The Chemical Compositions of the Wood Flour Samples

The chemical compositions of the wood flour samples were investigated using Fourier transform
infrared spectroscopy (FT-IR, Magna-IR 560, Nicolet, Madison, Wisconsin, USA), X-ray photoelectron
spectrometry (XPS, PHI Thermo Fisher Scientific, Waltham, MA, USA) and energy-dispersive X-ray
analysis (EDX, Quantax 70, Billerica, MA, USA). The FT-IR spectra of the wood flour samples were
obtained by direct transmittance using the potassium bromide (KBr) pellet technique. For each sample,
the wavenumber was measured within the range of 500–3400 cm−1, and the spectrum was accumulated
from a total of 32 co-added scans at a spectral resolution of 4 cm−1. The preparation of the samples
for the FT-IR measurement was performed by fully grinding the mixture of 2 mg wood flour and
200 mg spectroscopic grade KBr powder, which were pressed into a pellet with a diameter of 15 mm.
Before analysis, the background spectrum of pure KBr was recorded. For the infrared spectroscopic
analysis, the pellets were analyzed directly.

2.6.3. The Water/Oil Contact Angle

A contact angle instrument (CA-A, Hitachi, Tokyo, Japan) was used to measure the water contact
angle (WCA) and oil contact angle (OCA). For these measurements, 5 μL of ultrapure water or an oil
droplet was dropped at five different locations under ambient conditions. The values of WCA and
OCA were obtained as averages of five repeated measurements.

3. Results and Discussion

3.1. Morphology of the Green Superhydrophobic/Superoleophilic Wood Flour

It has been widely reported that the superhydrophobic property of certain materials is
primarily due to their dualistic micro/nano surface structures [36]. As a consequence, it is vital
to characterize the surface morphologies of samples before and after the treatments. The morphologies
of pristine and superhydrophobic/superoleophilic wood flours were characterized using SEM at
different magnifications, as shown in Figure 2. According to Figure 2a–d, after the treatment with
octadecanoic acid modified-nZnO particles and polystyrene, the integrity of the fiber-like structure
of the wood flour survived, which means that the structures of fibers were the same for both
the pristine and as-prepared wood flours. In addition, compared with the pristine wood flour,
the as-prepared superhydrophobic/superoleophilic wood flour possessed a rougher surface because
of the deposition of nZnO aggregates, which had an average diameter of approximately 80 nm on
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the surface of the fibers (Figure 2b,d). A hierarchical structure is thus presented on the surface of
the superhydrophobic/superoleophilic wood flour, which included the micron fibers and abundant
nanoparticles on each fiber. Due to this structure, the as-prepared wood flour achieved enough
roughness to bring about the co-existing features of superhydrophobicity and superoleophilicity.
The results showed that the presence of nZnO aggregates played a prominent role in the preparation
of the superhydrophobic/superoleophilic wood flour. On this basis, and in combination with the
modification of an octadecanoic acid (low-surface energy material), a large amount of air could be
trapped in the cavities and interspaces in the as-obtained wood flour surface. Then, as soon as a water
droplet was dripped onto the surface of a sample, it would come into contact with the trapped air and
bounce offwithout any residue. The superhydrophobicity of wood flour was due to the combination of
trapped air and low-surface energy material, which prevented the adsorption of water at the interface.

 

Figure 2. SEM images of pristine wood flour. (a,b) without nZnO aggregates and
superhydrophobic/superoleophilic wood flour, and (c,d) with nZnO aggregates at low and
high magnifications.

3.2. Surface Wettability of the Green Superhydrophobic/Superoleophilic Wood Flour

In order to verify the superhydrophobicity and superoleophilicity of the as-obtained wood flour
sample, its surface wettability was investigated by measuring the values of the water/oil contact angles
using a contact angle device at room temperature. As shown in Figure 3a, the water contact angle of
pristine wood flour was almost 0◦, indicating that abundant hydroxyl groups were present on the fiber
surfaces. With regards to the sample treated with octadecanoic acid modified-ZnO, the water contact
angle reached 120◦ (Figure 3c) and therefore had a hydrophobic surface. Furthermore, after coating with
octadecanoic acid modified-nZnO and polystyrene (Figure 3b), the water droplet on the as-prepared
wood flour became spherical, and the water contact angle became as high as 156◦. Additionally, the
scattering of the contact angle along the sample was 5◦, showing that the as-prepared wood flour
had excellent superhydrophobic properties. In addition, the oil wettability of the as-prepared wood
flour surface was also examined using oil contact angle measurements. When the oil droplets fell
onto the surface of the resulting product, all the oil droplets (diesel oil, gasoline and kerosene) were
immediately adsorbed onto the treated wood flour at the interface (see Figure 3d), indicating that the
oil contact angles of the as-prepared wood flour surface were 0◦. A hierarchical structure is presented
on the surface of the superhydrophobic/superoleophilic wood flour, including the micron fibers and
abundant nanoparticles on each fiber. Due to this structure, the as-prepared wood flour achieved
enough roughness to bring about the co-existing features of superoleophilicity. For the same oil or
organic solvent, the maximum oil adsorption capacity of the as-prepared wood flour was almost three
times that of the pristine wood flour, indicating the enhancement of superoleophilicity. In short, the
dual basic properties of the as-prepared wood flour with superhydrophobicity and superoleophilicity
were clearly confirmed.
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Figure 3. Images of a liquid droplet on different surfaces: typical photograph of a 5 μL water droplet
on the surfaces of (a) pristine wood flour and (b) superhydrophobic/superoleophilic wood flour;
(c) a water droplet on a wood flour surface treated with octadecanoic acid; (d) an oil droplet on a
superhydrophobic/superoleophilic wood flour surface.

On the basis of the theoretical principle of surface wettability, the wettability of a material is a
synergistic effect of the chemical composition and surface morphology [37]. The combination of the
deposition of numerous nZnO aggregates and the surface decoration through low surface energy
octadecanoic acid was required to produce the features of superhydrophobicity and superoleophilicity
of wood flour. As a result, when a water droplet was dropped onto the as-prepared wood flour,
it bounced off, leaving almost no trace of water. Overall, a novel wood flour with a very good
superhydrophobic and superoleophilic performance was successfully obtained in this study.

3.3. Chemical Composition Analysis of the Green Superhydrophobic/Superoleophilic Wood Flour

In order to prove the generation of octadecanoic acid modified-nZnO and polystyrene molecules
on the as-prepared wood flour’s surface, FT-IR, XPS and EDX were employed to investigate the
chemical components of as-prepared wood flour.

The typical FT-IR spectra of the wood flour, coated with octadecanoic acid modified-nZnO and
the as-prepared wood flour, are presented in Figure 4. In both the spectra, the absorption peaks at
2954 cm−1 and 1398 cm−1 stemmed from asymmetrical stretching vibrations and symmetrical bending
vibrations of –CH3, respectively. In addition, the peaks at 2916 cm−1 and 2846 cm−1 were attributed
to asymmetrical stretching vibrations and symmetrical stretching vibrations of –CH2, respectively.
All four characteristic peaks confirmed that long alkyl-chains existed on the surface of the wood flour
coated with modified-nZnO. The absorption peaks at 1537 cm−1 were due to –COOH– stretching
vibrations, whereas those at 1464 cm−1 were due to –COOH– bending vibrations and were induced
by the CH3(CH2)16COO− groups. The presence of octadecanoic acid on both samples’ surfaces was
evidenced by the characteristic peaks present in both the spectra. In the high frequency region of
Figure 4b, the bands at 3024 cm−1 and 3060 cm−1 were assigned to the C–H stretching vibrations of
benzene ring groups, which were introduced by polystyrene. In the low frequency region of Figure 4b,
two typical bands at 696 cm−1 and 746 cm−1 were due to the C–H bending vibrations of benzene
ring groups of polystyrene. Moreover, compared to Figure 4a, in accordance with the characteristic
absorption peaks of the benzene rings from polystyrene, the bands at 1599 cm−1 and 1452 cm−1

were visible in Figure 4b. Based on these observations, it was confirmed that nZnO was successfully
functionalized by octadecanoic acid, and that polystyrene was successfully used as an adhesive agent
to stick octadecanoic acid-modified nZnO to the surface of the as-prepared wood flour.
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Figure 4. FT-IR spectra of (a) wood flour coated with octadecanoic acid modified-nZnO and (b)
as-prepared superhydrophobic/superoleophilic wood flour.

The XPS spectra of the pristine and superhydrophobic/superoleophilic wood flours are shown
in Figure 5. For the pristine wood flour (Figure 5a), peaks corresponding to C 1 s and O 1 s were
observed. In comparison, the XPS spectra of the as-prepared wood flour contained a new Zn 2p
peak, which accounted for the generation of ZnO. The oxygen content would change when nZnO
was introduced into the surface of the wood flour. Based on the XPS spectra, the oxygen intensity
in Figure 5a was higher than that in Figure 5b. Therefore, the changes in the C/O proportion were
calculated based on the changes in the C and O intensities. In addition, the accurate C/O proportion
changed from 65/35% to 83/13%, which resulted in an increase in the C content. In summary, it is
inferred that the successful grafting of ZnO with octadecanoic acid was carried out in this study.

Figure 5. XPS spectra of the (a) pristine wood flour and (b) as-prepared wood flour.
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In addition to the characterizations of FT-IR and XPS, the elemental composition of the as-prepared
wood flour was analyzed using EDX, and the results are shown in Figure 6. The carbon (C) peak
and oxygen (O) peak observed in both the spectra are attributed to the sustainable wooden material.
Notably, in comparison with the pristine wood flour, there was a new peak of zinc (Zn) in the
as-prepared material, which provided clear evidence of the existence of nZnO on the surface of the
superhydrophobic/superoleophilic wood flour.

 
(a) 

 
(b) 

Figure 6. EDX spectra of the (a) pristine wood flour and (b) as-prepared superhydrophobic/superoleophilic
wood flour.

3.4. Steadiness and Durability Analysis of the Proposed Superhydrophobic/Superoleophilic Wood Flour

In order to enhance the economic feasibility of the proposed superhydrophobic/superoleophilic
wood flour, its environmental durability and chemical steadiness were analyzed. The chemical
steadiness was assessed by recording the changes in the contact angles of corrosion solutions on
the as-prepared wood flour (see Figure 7a). The as-prepared wood flour reacted with the aqueous
solutions at various pH values ranging from 0 to 14 at room temperature for 24 h, and the changes
in its contact angles were detected. From Figure 7a, the water contact angles on the sample surface
changed within a very narrow range and remained higher than 150◦ (152–156◦). Meanwhile, the oil
contact angle remained at 0◦. As such, the great superhydrophobicity and superoleophilicity of the
as-prepared wood flour was retained in the corrosive solutions. Moreover, the environmental durability
was examined under ambient conditions over 150 days. During the storage period, there were no
apparent changes in the values of the contact angles of the as-prepared wood flour, showing that
the superhydrophobic/superoleophilic wood flour possessed a remarkable environmental durability
(Figure 7b). It is therefore concluded that the superhydrophobic/superoleophilic wood flour prepared
in this study has a favorable chemical steadiness and environmental durability, which are due to the
viscosity of the polystyrene present on the surface of the as-prepared wood flour fibers.
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Figure 7. (a) The contact angles of the superhydrophobic/superoleophilic wood flour with different
pHs of aqueous solution; (b) the contact angles of the superhydrophobic/superoleophilic wood flour
for the storage evaluation in an ambient environment.

3.5. Application of the Green Superhydrophobic/Superoleophilic Wood Flour in Water-Oil Separation

In view of its dramatic chemical steadiness and environmental durability, the as-prepared wood flour
has a great potential for application to oil-containing wastewaters. Figure 8 illustrates the procedure for
water-oil separation using the superhydrophobic/superoleophilic wood flour as an oil sorbent. A certain
amount of as-prepared wood flour was placed in the mixture of water and diesel oil, which was dyed
red using Sudan III for ease of observations. As a result, the superhydrophobic/superoleophilic wood
flour could effectively adsorb the diesel oil, while completely repelling water. The red diesel oil was
fully adsorbed by the as-prepared wood flour within a few seconds. The transparent region on the
water surface indicated that the diesel oil was effectively separated from water. After the adsorption,
the red wood flour was recovered from the surface of the water.

 

Figure 8. Photographs of the procedure for water-oil separation using the
superhydrophobic/superoleophilic wood flour as an oil sorbent: (a) water and diesel oil
mixture (diesel oil was dyed with Sudan III); (b) right after the addition of the as-prepared wood flour;
(c) after a few seconds, the wood flour filled with red diesel oil floated on the surface of the water; and
(d) the red oil-adsorbing wood flour recycled from the surface of the water.

The adsorption capacities of the pristine and as-prepared wood flours for oils and organic solvents
are shown in Figure 9a.
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Figure 9. (a) The maximum adsorption capacities of the pristine and superhydrophobic/superoleophilic
wood flours for various oils and organic solvents at room temperature. (b) The variation in adsorption
efficiency (%) for diesel oil and crude oil with various mass ratios of water-to-oil. (c) The reusability of
the superhydrophobic/superoleophilic wood flour for diesel oil and engine oil applications.

For the same oil or organic solvent, the maximum oil adsorption capacity of the as-prepared wood
flour was almost three times that of the pristine wood flour, which may be due to the pretreatment of
the wood flour and the composites’ coating on the surface of the as-prepared wood flour. As such,
the oil sorption capacity of the superhydrophobic/superoleophilic wood flour was greatly enhanced.
In addition, the oil adsorption efficiency of the as-prepared superhydrophobic/superoleophilic wood
flour was examined. The variation in the adsorption efficiency (%) for diesel oil and crude oil for
various mass ratios of water-to-oil is shown in Figure 9b. The adsorption efficiency ranged from 98%
to 100%, which was mainly potentially due to the wastage of oil with a high viscosity decreasing with
the increase in the proportion of water.

The reusability of the proposed material is an important issue with regards to its practical
applications. After the adsorbed oils were removed using acetone, the superhydrophobic/superoleophilic
wood flour could be reused for many cycles. As seen in Figure 9c, the sorption capacity of the
reused wood flour for both diesel and crude oil decreased to 83% and 77% for the second and
third cycles, respectively, which was probably due to the trace residual oils left in the fibers of
the as-prepared wood flour. The oil adsorption capacity of the superhydrophobic/superoleophilic
wood flour remained almost unchanged after three cycles, exhibiting a good reusability. Moreover,
after several cycles, the as-prepared wood flour can still be used as an environment-friendly and
low-cost material with satisfactory removal efficiencies for diesel and crude oils. Finally, a comparison



Processes 2019, 7, 414

of the oil adsorption capacities between the proposed superhydrophobic/superoleophilic wood flour
and the bio-materials reported in the literature is presented in Table 1. It can be seen that the
green superhydrophobic/superoleophilic wood flour had a relatively high oil adsorption capacity,
demonstrating that the as-prepared wood flour has a great potential for being used as an oil adsorbent
due to its excellent superhydrophobic/superoleophilic characteristics.

Table 1. A comparison of the oil adsorption capacities of various adsorbents.

Sorbent Adsorption Capacity (g Crude Oil/g Fiber) Reference

As-prepared wood flour 16.89 This study
Acetylated peat moss 8.00 [2]

Sphagnum Dill 5.80 [38]
Black rice husk ash 6.22 [39]

Chitosan based polyacrylamide 2.30 [40]
Carbonized rice husks 6.00 [41]

Recycled wool-based nonwoven material (RNWM) 11.50 [42]
Superhydrophobic/superoleophilic polyurethane sponge 44.00 [43]

4. Conclusions

In this work, green superhydrophobic/superoleophilic wood flour with a WCA of 156◦ and OCA
of 0◦ was prepared for an efficient oil removal from contaminated wastewater. The water-resistance
and oil-adsorption properties of the as-prepared superhydrophobic/superoleophilic wood flour
were comprehensively ascribed to the synergistic effect of octadecanoic acid modified-nZnO on the
micron-fiber surface and glutinous polystyrene employed to attach the modified-nZnO aggregates to the
surface of fibers. In addition, the as-prepared wood flour could effectively adsorb oil, while completely
repelling water, demonstrating that it has a great potential for use as an effective oil adsorbent
from wastewater. For the same oil or organic solvent, the maximum oil adsorption efficiency of the
proposed wood flour was almost three times that of the pristine wood flour. The adsorption efficiency
ranged from 98% to 100% for the proposed wood flour. After the adsorbed oils were removed using
acetone, the green superhydrophobic/superoleophilic wood flour could be reused many times. Notably,
the superior chemical steadiness and environmental durability of the proposed wood flour with
environment-friendly characteristics add to its commercial feasibility.
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Abstract: The purpose of this review is to reveal the lipid and protein contents in black soldier fly
larvae (BSFL) for the sustainable production of protein and energy sources. It has been observed from
studies in the literature that the larval lipid and protein contents vary with the rearing conditions as
well as the downstream processing employed. The homogenous, heterogenous and microbial-treated
substrates via fermentation are used to rear BSFL and are compared in this review for the simultaneous
production of larval protein and biodiesel. Moreover, the best moisture content and the aeration
rate of larval feeding substrates are also reported in this review to enhance the growth of BSFL.
As the downstream process after harvesting starts with larval inactivation, various related methods
have also been reviewed in relation to its impact on the quality/quantity of larval protein and lipids.
Subsequently, the other downstream processes, namely, extraction and transesterification to biodiesel,
are finally epitomized from the literature to provide a comprehensive review for the production
of unconventional protein and lipid sources from BSFL feedstock. Incontrovertibly, the review
accentuates the great potential use of BSFL biomass as a green source of protein and lipids for energy
production in the form of biodiesel. The traditional protein and energy sources, preponderantly
fishmeal, are unsustainable naturally, pressingly calling for immediate substitutions to cater for the
rising demands. Accordingly, this review stresses the benefits of using BSFL biomass in detailing its
production from upstream all the way to downstream processes which are green and economical at
the same time.
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1. Introduction

Fossil fuel holds the position of being the main source of energy consumed in the world.
According to the World Energy Forum, the reserves of fossil-based oil, gas and coal, used mainly in the
transportation, agriculture, domestic and industrial sectors, will be exhausted in less than a decade.
As this main source of energy is rapidly diminishing at an alarming rate, it has accelerated the demands
to find an alternative source that serves the same functions. This has lead researchers to consider
renewable energy, offering not only improved energy security, but also a chance for the planet to reduce
carbon emissions while providing much cleaner air. This in turn will permit the future generation
to have a more sustainable green footing in regard to the environment. According to Barnwal and
Sharma [1], fuels that are of biological origin, originating from vegetable oils, alcohol, biomass and
biogas, are some of the alternatives presented from these past few years as sustainable fuels. Some of
these fuels can be used directly, while others may need further modification before the fuels can
be used. Biodiesel, one of the alternative fuels that originates from vegetable oils, animal fats and
microorganisms such as microalgae, yeast, bacteria and fungi, shows promising results in becoming
the main source of energy. For maximum yield, a transesterification process is carried out on the
glyceride of the oily sources with alcohol in the presence of a catalyst to form fatty acid alkyl esters
and glycerol [2]. However, biodiesel has challenges in implementation due to its high cost and limited
availability of resources rising from the food versus fuel issue [3]. This is because the sources were
limited to plant and animal feedstock, thereby competing with a food source needed for consumption.
Microorganisms then became a new interest in synthesizing biofuels, making microbes such as bacteria,
fungi and microalgae the next generation of biodiesel [4]. It was determined that microalgae contained
the highest lipid content, over 75% measured relative to dry biomass weight [5]. However, this new
source has led to the other problems such as extensive time consumption of medium preparation and
intensive energy requirement for harvesting as microalgae are more buoyant and difficult to settle [6].

Thus, to generate biodiesel in a more favorable condition, researchers have suggested to derive
the sustainable fuel from insects. Fuels derived from insects through insect farming allow several
biochemical products and byproducts to be obtained, including proteins. Biodiesel production from
insects has become more favorable since it has been found that insect breeding is economically and
environmentally viable. Certain species of insects can easily degrade organic matter, converting organic
waste into insect biomass. Insect breeding space is not large compared to the large land areas required
for crops such as soybeans or to the large water footprint required for microalgae production. This new
alternative has become more feasible, especially for countries with limited space and highly populated
areas that need to devote their land for food-source production [7]. Insect larvae can accumulate
lipids as their fat body and are able to stimulate the metabolic reserves needed, especially during
their immature stages such as larva, pupa and nymph. Insects possesses a nutrient storage system
that is used in the metamorphosis process, a structure called the “fat body”. This structure is able to
accumulate the lipids in the body as fat, which is used as an energy reserve and plays a role in the
intermediary metabolism. From the research work conducted by Leong et al. [8], the Hermetia illucens
larvae, or the black soldier fly larvae (BSFL), has become the ideal candidate in biodiesel production
during its larval stage because the adult of the fly has been reported to be missing the mouthparts
to feed and relies on food reserves, unlike common houseflies. This means that the black soldier fly
is not a vector that can transmit diseases or parasites when feeding. Thus, this species of fly is not
considered as a harmful pest, feeding on only kitchen waste, spoiled feed and manure. Recently, this fly,
which can be commonly found in poultry- and pig-rearing units, has been found to be able to reduce
unpleasant smells as it feeds on the manure or compost, efficiently reducing the polluting compounds
from manures and compost. Undesirable bacteria are also reduced by the modification of the bacterial
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microflora by the BSFL during feeding. The BSFL is a sustainable source for biodiesel production, as the
chemical composition of this species is able to accumulate fat, depending on its feeding medium during
its rearing process. Upon the lipid extraction for biodiesel production, the residual is a protein-rich
larval biomass and can be used as the animal feed to replace fishmeal, which is not sustainable for
the long term. Various research studies have been conducted on employing the BSFL biomass as the
animal feed for farming of land animals as well as for aquaculture. Figure 1 presents the flow of the
present review, starting from the BSFL substrate preparations all the way until the conditions for larval
biodiesel production.

Figure 1. Flow of review, encompassing the larval substrate, rearing and biodiesel production conditions.

2. Homogenous Substrate

With a wide dietary range [9], BSFL has been evaluated for the precision and easy incorporation
in formulating its diets that allow sufficient amount of lipid for biodiesel and protein production.
Studies had been conducted on feeding BSFL with two different types of feeding mediums, namely,
homogenous and heterogenous substrates. The homogenous substrates contain only one kind of
organic matter, while the heterogenous substrates incorporate a mixture of two different types of
organic matters or more before feeding the BSFL. For the homogenous substrates, there are various
type of mediums that have been used to feed BSFL in order to assess its lipid content, biodiesel yield
and protein content. Those single substrates are manure, animal feed/food, waste and nutritional meal.

Manure is basically an organic matter originating from the feces of animals, mainly used to
fertilize crops. Different type of animals have different consumption of feeds in their diets, affecting
the nutritional content of their manure. According to Li et al. [10], the use of cattle manure to feed
BSFL would generate the extracted lipid content of 38.2 g, yielding 29.9% amount of fat. The biodiesel
produced was 35.6 g and the BSFL that was fed with the cattle manure was able to yield 93% of
biodiesel. When pig manure was used, the amount of lipid produced was 60.4 g with the yield of
29.1%, while the biodiesel produced was 57.7 g with the yield of 96%. The amount of lipid produced
when chicken manure was used however gave the amount of 98.5 g with the yield of 30.1% and the
biodiesel production of 91.4 g with yield of 93%. According to this study, the BSFL fat-based biodiesel
fuel properties were comparable to a crop-based fuel, rapeseed. With the amount of crude fat as well
as biofuel yield from the transesterification process, the results from this study show that BSFL fat has
the potential as a feedstock in biodiesel production.

Other studies were also conducted by Newton et al. [11] in comparing the lipid and protein
contents between poultry manure and swine manure. According to their studies, it was found that
the lipid content of BSFL was slightly higher when fed with poultry manure, with the yield of 34.8%,
while BSFL was able to yield 28% when fed with swine manure. The protein content of BSFL was
higher when it was fed with swine manure, with yield of 43.2%, than when it was fed with poultry
manure (42.1%). This study showed that BSFL contained a high concentration of oil that would yield
as much energy as the methane fermentation that used the same type of manure. The difference in the
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BSFL lipid and protein contents when reared by different types of manure reflects how the variation
of diet affects the lipid and protein concentration, as it was tested that the other nutrients, except for
phosphorus, can be found in slightly higher concentrations when fed with poultry manure. With its
high level of oil in the BSFL, it would be likely best to not use BSFL as a bulk protein supplement
for animal feedstock, but instead to use it as the potential energy source. According to the study
conducted by Lalander et al. [9], poultry manure was fed to BSFL and the crude protein content
obtained was 22.8%. It could be deduced that the development of the BSFL growth was dependent on
the concentration of the protein of the BSFL. When the feed provides the BSFL with enough protein
to accumulate, it will be used as part of the its development, making it consume less energy from its
lipid content. However, it will result in a much smaller larva. In the same study, poultry feed gave the
protein content of 17.3% and dog food gave 33.9%.

Lalander et al. [9] also investigated the effects on the concentration of crude protein of BSFL when
they were fed waste materials. When food waste from local restaurants was used, 22.2% was obtained.
Abattoir sheep waste gave 56.3%, human feces gave 35.5%, dewatered wastewater sludge gave 16.9%,
sewage sludge gave 31.5% and the digested sludge gave the protein content of 14.7%. According to the
protein conversion ratio, pure abattoir waste can have the potential to obtain a higher protein ratio if
more carbon was added to allow nutrients in the substrates of the waste to be balanced. The nitrogen
content of the waste can also be improved with added carbon as it allows the BSFL to utilize the protein
content in a much higher usage during its development. The sludge may have low protein content as
it has too few volatile solids. The feeding rate that was regulated to dry matter in this investigation
was affected. Human feces has a high ratio, and this may be due to its biomass conversion ratio.

Another type of homogenous substrate was flour protein, as carried out by Arango
Gutiérrez et al. [12], which contains proteinic ingredients and high digestibility that has the qualities
that make it suitable for providing the right nutritional value in the animal’s feed. According to the
analysis, it is found that when the flour protein was fed to the BSFL, the larvae had the lipid content of
18.82% with the protein content of 36.98%. This research shows that the feed has potential ingredients
to provide energy content.

3. Heterogenous Substrate

Lately, it has been found that the oxidation from the fiber of plants or crops is important factor
that contributes greatly towards the metabolic activity of the BSFL. As reported by Li et al. [13],
the fibers that exist provide the black soldier fly larvae the sufficient materials and energy required
for life activities. Therefore, a balanced nutrition is required in the BSFL diet to ensure that the total
conversion efficiency is enhanced; this will, in turn, assist the black soldier fly larvae’s digestion of the
materials. With a better nutrient balance, a higher yield is due to the synergy of the biological growth
established being highly positive. According to Wu Li et al. [14], when corn cob residue was soaked in
restaurant wastewater at the optimal soaking condition of 75 ◦C for 5 h, 23.34% lipid content was able
to be produced from the BSFL. The restaurant wastewater was used to soak the corn because of its
acidification properties, allowing cellulose hydrolysis which allows the lignocellulose of the corn to
degrade easily. Different concentrations of xylose and glucose of a fibrous plant or crops in the BSFL
feed greatly influences the insect’s dry weight and the lipid content [13]. With xylose being the most
abundant carbohydrate derived from fibers, especially corn, it became of great importance to extract
the xylose to be able to produce lipid. Without any time lag, BSFL is able to consume both xylose
and glucose of a plant, easily transforming it to lipid. When a standard feed with a mixture of 8% of
glucose was added, 34.31% lipid was able to be yielded from the BSFL. If 6% xylose was mixed with the
standard feed, 34.60% lipid was able to be yielded. This shows that both xylose and glucose are able to
yield a good amount of lipid. Thus, when 0.3% glucose and 0.8% xylose were used in the mixture with
standard feed, the lipid yield became 33.78%. On the other hand, 97.3% of the glucose and 93.8% of
the xylose were able to be successfully converted to lipid as the dynamics changed between the three
substrates within only 14 days. Another study showed that the types of substrate that are usually fed
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to the BSFL have a high concentration of cellulose, hemicellulose and lignin, as the animal’s main diet
consists of crops or plants. The BSFL do possess guts with microbiome symbioses that are able to digest
the cellulose consumed. With the right enzymes available in the BSFL, the cellulose, hemicellulose
and lignin can be degraded. The main challenge, however, is when a feed with a high amount of
crude fiber is used as the main diet of the BSFL, such as dairy manure. More energy is required to
break down the cellulose of the fiber materials, thus reducing the lipid yield for biodiesel production.
Therefore, a lower fiber content, such as chicken manure, is used together with the dairy manure as
co-digestion with different ratios for the BSFL. The study conducted by Rehman et al. [15] evaluated
the performance of the BSFL digestion and with the data obtained was able to develop a co-digestion
mixture between dairy manure and chicken manure. With the ratio between dairy manure and chicken
manure being 40:60, it was found that this ratio of co-digestion resulted in the larvae with the richest
nutrient content, enhancing waste conversion efficiency of the BSFL. This study has shown that the use
of organic waste in co-digestion must focus on implementing the process of mixing high fiber content
with less-fibrous materials and explore the mechanisms as well as the magnitudes of the effect on the
BSFL to ensure biodiesel production.

4. Microbial-Treated Substrates

A study has been conducted with the substrate mixture consisting of dairy manure, chicken
manure and bacteria. The use of exogenous bacteria, Bacillus strains, assists the BSFL gut microbiome
development in more efficiently reducing the waste capacity, utilizing the nutrients of the wastes and
enhancing the production in the larval biomass. The ratio of dairy manure to chicken manure was
2:3 and this resulted in the lipid yield of 47.7% and protein yield of 53.9%. However, there was a
significant increase in both of the yields when bacteria were added. The lipid yield was 67.8% while
the protein yield was 71.2%. This shows that the usage of treatment with microbes utilizes a higher
amount of lipid and protein compared to the controlled feed that contains only dairy manure and
chicken manure. With the help of cellulose-degrading bacteria, a higher biomass promotes for a higher
fat yield is promoted, as they enhance the digestion of the waste materials. Therefore, it is important
for the selection of the bacteria in assisting the BSFL to ensure that the lignocellulose-rich waste is able
to be managed successfully [16]. Soybean curd residue was also used as the feed of BSFL with the
addition of a bacteria, Lactobacillus buchneri. The results shown by Somroo et al. [17] indicated that
the lipid yields differed between when the feeds were only soybean curd residue (26.1%) or artificial
feed (24.3%) and when bacteria were added to the feed, which resulted in an increase of the lipid yield
(up to 30%). This gave a similar result for the protein yield as the insect–bacteria symbiosis increased
the protein yield from 52.9% (soybean curd residue only) and 50.4% (artificial feed) to a much higher
value of 55.3%. With this positive interaction, there is great benefit in the availability of the nutrients,
playing a major role in the growth of BSFL, the development of the BSFL gut microbiota and the
BSFL’s production for digestive enzymes. This also shows that the use of symbiotic bacteria allows
the success of the BSFL to adapt to new environments and new food sources while still being able to
obtain positive growth and reproduction. When the treated rice straw with 39.7 g of glucose and 25.9 g
of xylose underwent a fermentation process with Saccharomyces cerevisiae, the residues were mixed
with enzymes containing hydrolyzed residues, such as lignocellulose, proteins and reducing sugars.
The residue was then fed to the BSFL which underwent lipid extraction to yield a total of 5.2 g of lipid
from 200 6-day-old BSFL. Additionally, 4.3 g of biodiesel was able to be produced from 200 BSFL.
This shows that the nutritional source from BSFL diets consisting of lignocellulosic biomass can be
another potential in lipid as well as biodiesel production. Having similar qualities as plant-based
biodiesel, BSFL-based biodiesel is proven to be another alternative source of renewable energy [13].
Restaurant waste is heavily concentrated with lipids and protein. However, this substrate lacks the
lignocellulose that the rice straw does not lack. If rice straws are used alone as the feed for the BSFL,
the growth will be stilled because of the absence of nutrition. Therefore, using the ratio of restaurant
waste to rice straw of 7:3 [18], a mixture was made. Rid-X contains natural bacteria that has the main
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function of breaking down the cellulase, lipase, protease and amylase of the rice straw as well as
the solid waste of the restaurant waste. This helps and increases the efficiency of the conversion for
BSFL, degrading the cellulose and hemicellulose much faster. More nutrition from the both of the
substrates is available for consumption, and the digestion of the food is aided by the microbes. A total
of 43.8 g of biodiesel was able to be produced from 2000 BSFL. The properties of the biodiesel were
also investigated, and it was found that the fatty acids of the biodiesel were similar to rapeseed-based
biodiesel. Thus, it is shown that the quality of the biodiesel, despite originating from different sources,
can still hold a high quality in terms of performances.

From these results, although BSFL contains the microbes that can hydrolyze the cellulose content
of the feed, the amount of the microbes in the gut may not be sufficient to digest a much larger amount
of feed. Research must continue to test various types of microorganisms in undergoing treatment with
the feed of BSFL that contains high amount of fiber. This is to observe the conversion efficiency of the
bacteria to obtain a high quality fuel for biodiesel production.

5. Substrate Moisture Contents

According to Barry et al. [19], the conversion of waste to biomass of BSFL can be achieved if the
consumption of food waste is given a particular care and attention in ensuring its efficiency. Therefore,
different parameters need to be investigated, preponderantly the moisture content of the larval feeding
substrate, in pushing towards a successful bioconversion. It was found that when study was carried
out using almond hull as the main medium for BSFL, alteration of the moisture content in the hull could
directly impact the growth of BSFL [20]. The results showed positive effects on the dry weight (0.013 to
0.46 mg/larvae) as well as the yield of harvested larvae (3.7 × 10−4 to 0.11) as the moisture content was
increased from 480 to 680 g kg−1. However, it was found that the larval consumption of hull decreased
(from 15% to 13%) with increasing of the moisture content. Other studies that reported the effects of
manipulating the moisture content of substrates on larval development presented opposite results.
The BSFL had been found to grow bigger in terms of weight and needed less medium for consumption
as the moisture content was increased [21]. The larval growth rate was also greatly affected when
moisture content was reduced, as reported by Cheng et al. [22]. Using almond hull, as reported by
Palma et al. [20], showed much different results, perhaps due to the decrease of diffusion of oxygen
into the medium. Oxygen diffusion was limited when the pores of the hull were not air-filled and
were blocked by the moisture. This directly impacted the growth of bacterial activity and would
disrupt the synergistic potential of microorganisms that contributed in the conversion of hull to larval
biomass. Therefore, more study needs to be conducted to observe the trends that affect the larval
growth and substrate consumption resulting from manipulation of the moisture content, as the role of
microorganisms plays a significant role in bioconversion of insect biomass.

6. Substrate Aeration

Managing the substrate aeration while growing the BSFL can improve the overall larval growth
through engineering to acquire the right and suitable environment for medium digestion by larvae.
Significant effects when manipulating the aeration content towards the development of larvae had
been determined by experiment by Palma [20], using waste from almond as the BSFL feeding medium.
It was found that increasing the aeration rate gave rise to a positive fit to the nonlinear regression of the
BSFL weight and yield. Accordingly, the maximum larval weight and yield could be achieved at 95%
at aeration of 0.57 and 0.05 mL/min g dry weight, respectively; this also contributed greatly towards
the consumption of almond hull. It could be deduced that the aeration had a direct impact towards the
growth of larvae, and the bed depth of the substrate may play a major role as well. This was because the
anaerobic condition occurred from the oxygen utilization by both BSFL and microorganisms surpassing
the oxygen being supplied from diffusion from the bed surface. This caused the larvae to migrate
elsewhere to obtain nutrients that otherwise could be obtained when the larvae migrated to a deeper
depth of substrate. When aeration rate was dropped, the larval consumption of hull was negatively
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affected as well, showing that the presence of microorganisms could heavily impact the environment
for rearing BSFL. Therefore, the oxygen content supplied by aeration should be considered of the great
importance in insuring that the growth of BSFL does not negatively affect the rate of waste conversion.
Moreover, the calcium content was also investigated, and it was found that increasing oxygen content
during larval growth would generally increase the larval calcium content. The consumption of hull
by BSFL impacted the uptake of calcium from the almond hull and later affected the larval biomass
compositions. According to Liu et al. [23], calcium as the mineral element of BSFL was needed for the
cuticle formation. Another study, conducted by Wong et al. [24], showed that the harvesting of BSFL at
different calcium or chitin levels could directly affect the lipid content since the accumulated body fat
tissues were needed during metamorphosis.

7. Inactivation Methods

Various ways that the BSFL could be inactivated were reported by Larouche et al. [25]. Grinding
was the first method of mechanical disruption in which the larvae were homogenized at 15,000 rpm in
their study. The larvae were packed under 95% vacuum on high hydrostatic pressure with 600 MPa
of pressure treatment. The next method involved heating the BSFL, i.e., via blanching, where the
larvae were immersed in boiling water for 40 s. Desiccation was another method of heating the BSFL.
This approach required the larvae to be located in the air oven with the temperature set to 60 ◦C for
30 min. The other type of larval inactivation method was freezing, where the larvae were either frozen
at the temperature of −20 ◦C or −40 ◦C for one hour. Freezing the larvae also could be completed by
using liquid nitrogen in a vacuum package for 40 s. Finally, asphyxiation was the last inactivation
method reported by Larouche et al. [25], in which the larvae were initially vacuum packaged and
subsequently stored at the temperature of 27 ◦C for 120 h. The atmosphere was modified either to
contain 100% carbon dioxide or nitrogen gas. The larvae were then stored at the temperature of 27 ◦C
for 120 or 144 h. The ether extract for each of the larval samples was conducted using petroleum ether
as extraction solvent. It was found that the larval lipid contents were higher when the inactivation
method of asphyxiation (CO2 = 15.9%; N2 = 16.6%; vacuum = 15.9%) was used as opposed to heating
(desiccation = 13.4%; blanching = 14.5%), freezing (−20 ◦C = 12.8%; −40 ◦C = 12.4%; liquid nitrogen =
12.6%) or mechanical disruption (grinding = 11.9%; high hydrostatic pressure = 12.0%).

The inactivation method of BSFL was lately studied even further, as it was important to be
explored to ensure the investigation of the composition of larval lipid could be exploited for biodiesel
production and also support a higher value of uses. The characteristics of larval lipid distributions
during the processing and storage of BSFL biomass must be unveiled since there is currently a lack of
this information. Caligiani et al. [26] directly related the inactivation method of BSFL with extracted
lipid characteristics. The inactivation methods reported were blanching and freezing. In their study,
half of the first sample was provided in a frozen condition and stored at the temperature of −20 ◦C,
while the other half was ground and freeze-dried until it reached residual moisture of 10% before being
kept at the temperature of −20 ◦C. The next set of larval samples were obtained alive. The larvae were
killed by blanching the prepupae in hot water at the temperature of 100 ◦C for 40 s before storing at
the temperature of −20 ◦C prior to the lipid analyses. Another live larval sample was stored directly
at the temperature of −20 ◦C until use. During the extraction, the Soxhlet lipid extractor that either
used diethyl ether or petroleum ether as the solvent was compared with the use of chloromethane
solvent. The results of the first sample inactivated by using freezing before the arrival showed that
there was no significant difference of using the different extraction solvents via the Soxhlet method.
The next set of samples were obtained alive, and diethyl ether was used, resulting in the lipid yield
was 13.0 ± 1% when inactivated by freezing; while using blanching, the lipid yield was 13.3 ± 0.8%
from BSFL biomass. This also proved that the BSFL was a good source of lipid, unlike other type of
insects. However, as compared with the method employing chloromethane, the larval lipid extracted
was slightly lower (9.11%). In the live larval sample that was also inactivated via freezing, it was
found that both of these samples had a high free fatty acids content. This also explained that the low
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lipid yield when using the chloromethane for extraction was due to the loss of fatty acid salts in the
aqueous phase. However, when the live BSFL were blanched before being frozen, the loss of fatty
acid was negligible. When the freezing method was applied towards the BSFL, the amount of acyl
glycerols was drastically reduced, most likely due to the activation of the lipase, releasing the free
fatty acids. However, the free fatty acids were not used for biodiesel production as a reaction with
acyl glycerols was needed during the transmethylation process. When the BSFL was inactivated by
blanching, a thermal pretreatment method, the lipid fraction was observed to be stable as it was mainly
composed of triacylglycerols. This may be due to the thermal environment deactivating the lipase
activity in the BSFL, as it did not damage or influence the lipid fraction conspicuously, preserving it for
transmethylation process in producing biodiesel.

8. BSFL-Based Biodiesel

Black soldier fly larval biomass has become an attractive candidate as a renewable source of
energy due to its high lipid content. Transesterification is a process for biodiesel production from larval
biomass in which the extracted lipid will react with alcohol. It has become essential to ensure that the
lipid conversion during biodiesel production is at its highest efficiency. Surendra et al. [27] carried out
an investigation to determine the fatty acid compositions of BSFL fats or lipids for biodiesel production.
It was found that the BSFL had a very high amount of lauric acid (44.9% ± 1.5%) as compared with the
crop-based biodiesel such as soybean oil (negligible) and palm oil (0.1%), a trait that was significant in
terms of biodiesel production. The saturated fat was found to be 67% of total fatty acid while soybean
was known to only have 11% and palm oil to have only 37% of total fatty acids. On the other hand,
the BSFL had a proportion of 28% fatty acids being of unsaturated fat, lesser than that of soybean (85%)
and palm oil (55%). The quality of the biodiesel was known to be greatly affected by the composition of
fatty acids in a substrate. In this case, the BSFL-based biodiesel was shown to have a significant amount
of saturated fatty acids and a low concentration of unsaturated fatty acids, making it an ideal substrate
for a high quality of biodiesel production. Thus, the biodiesel would have a viscosity with much
lower value and a more stabilized property in terms of its oxidative state. Additionally, the process of
transesterification of larval oil that has been extracted must be efficiently processed in ensuring the
biodiesel production is of the highest quality.

9. Transesterification of Larval Lipids

An optimum condition for executing the transesterification of BSFL lipids was investigated
by Li et al. [28]. The harvested larval biomasses were initially fed with three different substrates
individually, namely, cattle manure, pig manure and chicken manure. There is a two-step process
during the conversion of larval lipids into fuel. The first step was the acid-catalyzed esterification of
fatty acids. This step was to decrease the amount of acids in the BSFL lipids that were extracted and that
acted as the pretreatment for the conversion process. The next step was the typical alkaline-catalyzed
transesterification. One of the reaction conditions that was optimized was the esterification temperature
for 1 h of reaction time using the methanol to larval lipid ratio of 8:1. It was found that as the temperature
was increased from 55 to 85 ◦C, the conversion of fatty acids in the crude lipids to biodiesel increased
from 73% to 92%. This demonstrated a positive relationship between temperature and conversion
of fatty acids, as it could be directly related to the efficiency of mass transferred with increasing
temperature that caused the crude lipid to be more soluble. Accordingly, the temperature of 75 ◦C was
found to be optimal temperature for the esterification process. Another reaction condition investigated
was the molar ratio of methanol to larval crude lipid. It was found that the maximum conversion of
fatty acids was achieved at 90% when the optimum molar ratio used was 8:1. When a much lower ratio
was used instead, the conversion was found to be incomplete. The reaction time was another reaction
condition investigated, and the converted fatty acids were found to be 73% to 90% at the reaction
times of 30 and 60 min, respectively. The biodiesels produced from the crude lipids of BSFL fed with
chicken manure, pig manure and cattle manure were 91.4%, 57.8% and 35.6%, respectively, through the
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optimum transesterification condition of 30 min at 65 ◦C with molar ratio of methanol to lipid at 6:1
while using 0.8% NaOH as the catalyst of the reaction. The biodiesel was tested, and it contained a
high percentage of saturated fatty acids at 67.6%. This meant the biodiesel produced would have a
high oxidative stability value, an excellent trait for biodiesel storage. The optimal transesterification
conditions were further tested and used during the experimentation with BSFL-based biodiesel derived
from waste grease of restaurants [29]. The two-step process which consisted of the acid-catalyzed
esterification and alkaline-catalyzed transesterification was carried out using 1% H2SO4 as the reaction
catalyst with reaction temperature set at 75 ◦C, molar ratio of methanol to lipid at 8:1 and 1 h of reaction
time. For the alkaline-catalyzed transesterification, the methanol-to-lipid ratio was kept at 6:1 with
0.8% NaOH as the reaction catalyst. The biodiesel produced was 23.6 g from 1000 g of solid residual
fraction of restaurant waste fed to 1000 BSFL. The conversion rate of free fatty acids attained was
91.9%, with the total yield of biodiesel of 2.4%. Li et al. [10] also investigated the conversion of BSFL
fat to biodiesel using the dairy manure as the main larval substrate. After conducting the two-step
transesterification process, 15.8 g of biodiesel was able to be produced from 1.2 kg of dairy manure.
The larval biodiesel also contained 58.2% saturated fatty acids and 39.8% of unsaturated fatty acids
with overall quality satisfying the EN 14214 standard.

10. Co-Solvent for Transesterification of Larval Lipids

The conventional way of biodiesel production has generally presented some problems, such as
consuming a high amount of energy, that make the process costly. Therefore, a direct transesterification
involving fewer steps was suggested and investigated by Nguyen et al. [30]. Methanol was used in
prior studies as both the solvent for lipid extraction and reactant for lipid transesterification. However,
an excess amount of methanol could weaken the function of catalyst, reducing the yield of biodiesel.
In the study by Nguyen et al. [30], co-solvents such as n-hexane, n-pentane, chloroform, acetone and
petroleum ether were individually mixed with methanol during the direct transesterification process.
With the capability to dissolve long chain triglycerides, these co-solvents showed high potential
efficiency in extracting the larval lipid, yielding higher amounts of biodiesel. This would prevent
lipid loss during the process as less solvent and energy were consumed. When the solvents were
mixed with the methanol at the volume ratio of 1.17:1, a high yield of biodiesel was observed. The use
of the mentioned solvent should bring positive effects, as the co-solvents are generally capable in
dissolving the lipid and short-chain alcohol used as the homogenous catalyst. It was found that by
using n-hexane as the co-solvent, the highest yield of biodiesel (63.37%) could be obtained as compared
with acetone (54.83%), chloroform (48.50%) and petroleum ether (35.67%). The effects of volume
ratios between the n-hexane and methanol were also investigated and it was observed that biodiesel
could be yielded at a higher amount when a much lower volume ratio was used. This was probably
because the high methanol content in the reaction would lead to a higher molar ratio between the
methanol and lipid, leading to the higher reaction yield. Thus, the optimum volume ratio of n-hexane
to methanol was determined to be 1:2. The methanol to biomass ratio of the reaction would increase,
promoting the conversion yield. However, the frequency of collision between the lipid and methanol
would decrease if excess solvent was used in the reaction. This would, overall, result in the increase
of heat and mass transfer resistance, decreasing the conversion yield. Other than that, in a similar
study with the presence of free fatty acids from the BSFL fat, the catalyst selected was sulfuric acid.
As the catalyst loading was increased from 0.4 to 1.2 mL, the yield of biodiesel had also increased from
48.93% to 65.87%, respectively. The polymerization of unsaturated fatty acids was activated with the
presence of excess sulfuric acid at high reaction temperature and long reaction time. The increase in
reaction temperature would result in the increase of biodiesel yield (87.67% at temperature of 130 ◦C).
The optimal temperature was found to be 120 ◦C as, although the extraction efficiency increased with
enhancement of reaction rate, there was no significant difference between 120 and 130 ◦C. The biodiesel
yields also increased with the reaction time and managed to reach the equilibrium state at reaction
time longer than 90 min. Therefore, the highest biodiesel yield was able to be obtained at 94.14% with
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the reaction temperature of 120 ◦C using n-hexane:methanol volume ratio of 1:2, the solvent at 12 mL,
the catalyst loaded at 1.2 mL and reaction time of 90 min. The biodiesel yield was also observed to be
increased from 4.73% with no co-solvent to 63.37% when n-hexane was used. Therefore, n-hexane was
proven to be the suitable co-solvent for the reaction involving larval lipid transesterification.

11. Biological Lipase Catalyst for Transesterification of Larval Lipids

The two-step process of transesterification involves acid-catalyzed esterification and
alkali-catalyzed transesterification. However, some complications have been presented when
sulfuric acid and sodium hydroxide were used in the process, such as damaging the equipment
and complications in removing the dissolved catalysts. Therefore, in the study by Nguyen et al. [31]
for biodiesel production, methanol catalyzed with lipase was used during the transesterification of
BSFL lipid. In the biodiesel production, several lipases were tested such as Novozym 435, Lipozyme
TL-IM, Lipozyme RM-IM and lipase PS. Transesterification was then carried out using 10% lipase
mixed with methanol and lipid at the molar ratio of 3:1 and reaction temperature and time of 20 ◦C
and 4 h, respectively. According to the results, the Novozym 435 presented a biodiesel yield of 56.78%
as opposed to Lipozyme RM-IM (42.18%), porcine pancreas lipase (23.46%), Candida rugosa lipase
(22.82%), Rhizopus oryzae lipase (21.56%), amano lipase G (13.85%) and amano lipase PS (12.56%).
This showed that Novozym 435 had the highest catalytic conversion property and also could be used
repeatedly. With the enzyme loading at 20%, the maximum yield for biodiesel could be achieved with
the methanol:lipid molar ratio of 6.33. Lipase deactivation, however, may occur when the methanol
level exceeded the required amount and would cause a reversal in the aforementioned trend. The yield
of the reaction would then decrease. In terms of the reaction temperature, the highest yield could be
achieved at 40 ◦C, as higher temperatures would deactivate the activities of enzymes. Enzyme loading
played another part in the reaction, as low loading would affect the temperature and later the biodiesel
yield. On the other hand, at high level of enzyme loading the temperature did not bring any significant
effect towards the yield. Therefore, any problem rising from the temperature could be overcome by
increasing the concentration of enzyme in the reaction. In conclusion, to obtain a maximum yield of
biodiesel of 97.65%, the molar ratio of methanol to lipid was set at 6.33:1, with 20% enzyme loading
and 26 ◦C as the reaction temperature for 9.48 h. This experiment had shown positive results, and this
should be an encouragement in using the green enzyme-catalyzed process to produce biodiesel.

However, a high level of methanol and ethanol would still cause the deactivation of lipase
functions. This was because the absorption of alcohol on the surface immobilized the lipase. Therefore,
to overcome this problem, Nguyen et al. [32] investigated the effects of methyl acetate, which is an
acyl acceptor that would increase the rate of reaction during transesterification. It was observed
that using a high amount of methyl acetate had no effects on the stability as well as the activity of
enzymes in replacing the alcohol. To obtain a high amount of biodiesel yield using lipase-catalyzed
transesterification (Novozym 435 chosen as catalyst) using methyl acetate as the acyl acceptor for
BSFL in the production of biodiesel, several reaction conditions were tested and observed for their
effects. The reaction conditions observed were the molar ratio of methyl acetate to lipid and enzyme
loading. Biodiesel yield decreased with low ratio, as this increased the loading of enzyme in the
reaction. This was because it caused the polymer beads to aggregate with the immobilized enzymes,
and this disrupted the mass transfer, enabling the enzyme to react with the oil–water interface flexibly.
The conversion yield would be lowered as a result. However, at a higher molar ratio, the enzyme
loading would increase, thus increasing the biodiesel yield. The temperature of the reaction was also
observed, and it was found that that there was no significant increase of biodiesel yield with the
increase in temperature. The optimal ratio of methyl acetate to lipid on the other hand was found to be
12:1. In between the enzyme loading and temperature, the yield would increase as the temperature
was increased with any amount of loaded catalyst. However, the deactivation of enzyme occurred at
high temperature. Therefore, for Novozym 435, biodiesel yield was produced at the highest amount
at 39.5 ◦C reaction temperature. Concisely, in order to obtain a maximum yield of biodiesel, 12 h
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of reaction time, 14.64:1 molar ratio of methyl acetate to lipid, 17.58% enzyme loaded and 39.50 ◦C
reaction temperature should be used in a lipase-catalyzed transesterification reaction using Novozym
435 as the catalyst. With the proven high biodiesel yield using the optimized conditions mentioned,
BSFL lipid has become a reliable source of energy and can be further developed in future [33,34].

12. Conclusions

In short, this review has demonstrated that the BSFL biomass can be the source of protein
and lipid for energy. The rearing conditions of BSFL can be systematically optimized to allow the
accumulation of more larval protein and lipid in the fat body. Upon the harvesting, the lipid in the
form of larval fat can be extracted and transesterified for producing a mixture of fatty acid methyl
esters of biodiesel. In this regard, the extraction and transesterification processes can be optimized
as well to maximize the BSFL-based biodiesel production. The residual BSFL biomass after the lipid
extraction is a protein-rich larval biomass and can be served as the feedstock for animal feed production.
In determining the optimum various larval processing conditions, the preparation of substrates,
rearing of BSFL and eventually biodiesel production are vital in ensuring the maximum yield from
BSFL biomass. The mixture of substrate added with 6% of xylose prompted 34.60% lipid content from
the BSFL biomass. Microbial-treated substrate such as dairy manure and chicken manure mixture
inoculated with Bacillus strains would yield 67.8% lipid and 71.2% protein. Addition of Rid-X to a
mixture of restaurant wastes and rice straw could get 43.8 g of biodiesel from 2000 BSFL. To ensure the
optimum conditions during rearing period, the moisture content of the substrate should be in the range
of 480 to 680 g/kg. The increase in moisture content would result in the decrease in feed consumption.
The aeration of the substrate should also be at 95% to achieve maximum larval weight and yield of dry
weight as well as a positive growth of the larvae. To inactivate the mature BSFL for maximum yield,
it has been shown that if petroleum ether was used as the extraction solvent during lipid extraction,
asphyxiation would result in higher lipid content. If diethyl ether was used in the Soxhlet method,
both blanching and freezing inactivation methods could be employed. The optimum transesterification
conditions were determined to be at 30 min at 65 ◦C with molar ratio of methanol to lipid at 6:1
while using 0.8% NaOH as the catalyst in the reaction. During direct transesterification, hexane was
recommended as the co-solvent, and sulfuric acid as the catalyst. The reaction temperature should
be at 120 ◦C using hexane:methanol volume ratio of 1:2, the solvent at 12 mL, the catalyst loaded at
1.2 mL and reaction time of 90 min. Novozym 435 can be added in a lipase-catalyzed transesterification
reaction with methyl acetate added to replace the methanol and ethanol. Studies have shown that with
12 h of reaction time, 14.64:1 of molar ratio between methyl acetate to lipid, 17.58% enzyme loaded and
39.50 ◦C of reaction temperature could ensure obtaining the maximum yield of biodiesel. Therefore,
since the detailed laboratory-proven information with regard to the upstream and downstream of
BSFL biomass production is currently accessible, the mass production of this feedstock at industrial
scale should be assessed to unveil its feasibility concerning the cost and long-term environmental
sustainability. Lastly, the authors of this review believe that the BSFL biomass could potentially arise
as the new and unconventional feedstock for protein in replacing the traditional fishmeal if it is not
used for biodiesel.
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Abstract: A well-known bioseparation technique namely liquid biphasic system (LBS) has attracted
many researchers’ interest for being an alternative bioseparation technology for various kinds of
biomolecules. The present review begins with an in-depth discussion on the fundamental principle
of LBS and this is followed by the discussion on further development of various phase-forming
components in LBS. Additionally, the implementation of various advance technologies to the LBS
that is beneficial towards the efficiency of LBS for the extraction, separation, and purification of
biomolecules was discussed. The key parameters affecting the LBS were presented and evaluated.
Moreover, future prospect and challenges were highlighted to be a useful guide for future development
of LBS. The efforts presented in this review will provide an insight for future researches in liquid-liquid
separation techniques.

Keywords: liquid biphasic system; aqueous two-phase system; aqueous biphasic system; purification;
separation; recovery; biomolecules

1. Introduction

The most trending research in the downstream biotechnology industries focuses on the production
of various bio-based products from renewable sources. Examples of these sources are microalgae, fruit,
lignocellulose biomass, secondary product, and crop waste. Separation and purification techniques
for the recovery of biomolecules (e.g., proteins, carotenoids, and lipids) requires a precise operating
condition to ensure high value end-products can be obtained [1,2]. Established extraction techniques
such as membrane separation, chromatography-based method, ultrafiltration, and precipitation usually
involve multiple step operations, complex pathways, time consuming operations, high energy inputs,
and high cost for the recovery and extraction processes [3–5]. With that said, researchers are putting
tremendous efforts in developing a new separation and purification techniques which can be performed
in a one-step extraction process within a shorter period of time. On the other hand, the extraction
solvents in a process that can be reused and recycled will lower the overall processing cost [6]. As for
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food and pharmaceutical applications, this requires an alternative non-toxic and environmentally
friendly extraction solvents [7].

A well-established bioseparation technology namely liquid biphasic system (LBS) has attracted
numerous researchers’ attentions in the separation and purification of biomolecules [8]. It is also
known as liquid-liquid extraction technology in the downstream processing. The concerns associated
from the conventional extraction method has been overcome by using liquid biphasic separation
techniques. The liquid biphasic extraction technology is comprised of two liquids which is separated
by an interfacial layer when the mixture of two incompatible liquids is beyond the critical condition.
Generally, the characteristics of the phase-forming components creates a physico-chemical interaction
which can easily acclimatize the target biomolecules to be partitioned to either the top or bottom phase
depending on the selectivity of the components. Furthermore, various assisted technologies such as
bubbling, ultrasound, and electrolysis have been incorporated into the LBS to enhance the effectiveness
of biomolecules separation [9–12]. The application of the LBS has been applied for the extraction,
separation, and purification of proteins, lipids, and carotenoids from microalgae [2,13].

This review article strives to summarize the cognitive knowledge and previous experimental
research dealing with LBS for extraction and purification of various biomolecules. This review begins
with the principles and fundamentals of LBS, followed by the various type of biphasic systems
were presented. Recent works related with advance technologies such as bubble-, ultrasound,
and electricity-assisted LBS were evaluated and assessed. Additional information regards to the
quantification (i.e., partition coefficient, selectivity, separation efficiency, and recovery yield) and
composition of LBS were tabulated with provided references in Sections 2 and 3. Each section in this
review would allow the readers to understand the development of LBS technologies. Moreover, the
key parameters affecting the extraction efficiency in LBS, advantages and drawbacks of LBS were
comprehensively discussed. In addition, future prospect and challenges associated with LBS were also
discussed. This review article has a significant impact on the liquid-liquid extraction and purification
for various biotechnological products, which serve as a resourceful tool for researchers dealing with
extraction of biomolecules using LBS.

2. Liquid Biphasic System

Liquid biphasic system (LBS) or commonly known as aqueous two-phase system (ATPS) has been
long introduced for the separation, recovery, and purification of biomolecules, and it is the current
research trend adopted in the separation and purification technology. It was started back in 1896 when
Martinus Willem Beijerinck accidentally mixed an aqueous starch solution with gelatin and found that
an immersible layer was formed between both the aqueous solutions [14,15]. This idea of LBS as an
analytical separation technique was sparked by Per-Åke Albertsson in the 1960s who discovered the
phenomenon by mixing two different polymers (e.g., polyethylene glycol and dextran) resulting in an
aqueous medium containing two separable phases [14,16,17]. This application was then extended to
several generations of scientists and engineers who have been working in the industrial biotechnology
field. Figure 1 shows a schematic diagram of the principles of LBS.

The LBS is well-known for the extraction of different biotechnological materials such as proteins,
lipids, and carotenoids [1,18,19]. The specialty of LBS compared to traditional organic solvent extraction
techniques is the composition of the phase-forming components which contains large amount of
water while maintaining a low interfacial layer that separates both phases. It can be either used
to separate proteins from cellular debris or to purify targeted proteins from contaminated proteins.
Likewise, LBS has the capability of directing the target biomolecules by partitioning them to the
top phase for extraction [20]. Conventional polymer-based LBS which possess a low ionic system
is generally used for the separation and purification of biomolecules which are sensitive toward
ionic condition [16]. Nevertheless, polymer-based LBS was neglected due to lack of compatibility
between high ionic strength biomolecules, expensive phase-forming components, and its high viscosity
system. Further development in LBS using different phase-forming components such as alcohol-,
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ionic liquids-, deep-eutectic solvent- and surfactant-based was utilized to replace the conventional
polymer-based LBS.

 
Figure 1. Schematic diagram of the principle in the liquid biphasic system (LBS).

The selective partitioning of the LBS allows the extraction of biomolecules to be operated in a
single-step process compared to traditional extraction techniques which require multiple operation
steps. LBS possess an environmental-friendly, inexpensive, ease of scaling-up, rapid, and efficient
techniques for recovery and purification of biomolecules. During the planning stage, it is crucial to
understand the complexity of the physical and chemical interaction reaction throughout the partitioning
process in the LBS [21]. The selection of various parameters which are compatible to the system
properties are important to achieve an optimal extraction, recovery, and purification condition. It is also
important to evaluate the interactions during the selection of various parameters (e.g., salt precipitation,
crystallization, and absence of biphasic system) as it may affect the findings. Lastly, is to assess the
effect of each process parameters on the product recovery and purity [21].

Fundamental principles for the formation of LBS requires a phase diagram or also called the
binodal curve where these provide a set of information regarding the two-phase formation and their
required concentration in the top and bottom phases [22]. A detailed study has been evaluated
previously by Iqbal et al., (2016) on the tie line length (TLL) and slope tie line (STL) for the construction
of phase diagrams [23]. Binodal curves can be constructed using three methods namely, turbidometric
titration, cloud point, and node determination method for predetermined phase diagram [22,24,25].
Moreover, the partition coefficient (K) LBS is to evaluate the equilibrium relationship between the
top and bottom phase in the LBS. However, there is still lack of studies reporting on the theory and
chemistry of these phase forming mixtures in the LBS which is a gap to-be-filled. Apart from that, factors
that affect the partition coefficient can be manipulated using electrical, hydrophobicity-phase forming
components, bio-specific affinity, molecular size, and surface area to understand the physico-chemical
properties of the partitioning mechanism in the LBS.

2.1. Polymer-Based LBS

The conventional polymer-based LBS is typically made up of two polymers (e.g., polyethylene
glycol (PEG) and dextran) and PEG-salt combinations (e.g., phosphate-, sulphate-, and citrate-based)
as the phase-forming components. The purpose of using polymer-based LBS is that the chemical
composition of a non-ionic characteristics toward an ionic environment is compatible towards
biomolecules having low ionic strength [16]. Aside from that, the phase forming component from
polymer-based has the ability to be recycled and reused for subsequent extraction process and this
reduces the cost of polymers phase-forming component [26]. Polymer-based LBS are commonly used
for protein extraction due to its poor hydrophilic and hydrophobic interaction in polymer/salt-based
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LBS. However, it is important to maintain concentration of salt solution as high salt concentration may
denature and damage the fragile protein in the system.

In most work, conventional polymer-based LBS has been replaced by using thermo-separating
polymers as the phase-forming component to overwhelm the limitation of polymer-based LBS such
as high viscosity and difficulties in recycling process [27,28]. Thermo-separating polymers are
random, di-block, and tri-block co-polymers of ethylene oxide (EO) and propylene oxide (PO) [29].
Thermo-separating polymers have a low cloud point temperature (≤47 ◦C) which is suitable to achieve
temperature-induced phase separation where a target protein can be recovered from the polymer [30].
Generally, a back-extraction process such as ultrafiltration, diafiltration, and crystallization is needed to
separate the target protein from the polymer. However, an in-depth understanding on the mechanism
by the polymer phase-forming component for the recovery of biomolecules is still poorly understood.
This shows a gap for future researchers to further explore the fundamental principles of this LBS
extraction technique.

Several studies have been conducted involving cyclodextrin glycosyltransferase (CGTase) from
Bacillus cereus. Ng et al., (2012) reported that the TLL of 41.2% (w/w), volume ratio (VR) of 1.25,
pH 7, and crude loading (w/w) of 20% were the optimal conditions to recover cyclodextrins using
polymer-based LBS with ethylene oxide–propylene oxide (EOPO) 3900 and two phosphate salts [31].
This experiment showed that the highest CGTase was purified up to 13.1-fold with a yield of 87%
recovered in the EOPO-rich top phase. However, this experiment did not discuss the time period in
cyclodextrins recovery. Another research carried out by Lin et al. [32] with modified method using
flotation technique and the combination of PEG 8000 and potassium phosphate salt. The optimum
conditions in cyclodextrins (CDs) recovery was optimized at 18% (w/w) PEG 8000 and 7.0% (w/w)
potassium phosphate with TLL of 27.2% (w/w), VR of 3.0, pH 7, and crude loading (w/w) of 20%. The
experiment showed that the recovery of CDs was affected by alternating each of the parameters such as
TLL, VR, and pH where the purification factor (PFT), which corresponded to the highest CGTase purity
up to 21.8 with a yield of 97.1%, was recovered in the PEG-rich top phase within a short period [32].

A similar approach utilizing polymer-based LBS was employed for the recovery of lignin
peroxidase from Amauroderma rugosum (Blume and T. Nees) [33]. However, this experiment used a
lower molecular weight (PEG 600) for a high purification of lignin peroxidase. Generally, this approach
showed that a higher molecular weight polymer reduces the purification factor of lignin peroxidase
due to the interaction of PEG and hydrophobic enzyme. An optimal condition in lignin peroxidase
recovery was optimized at 15% (w/w) PEG 600 and 16% (w/w) dipotassium phosphate with highest
purification factor of 1.33 ± 0.62 and recovery yield of 72.18 ± 8.50%.

2.2. Organic Solvent-Based LBS

Organic solvent-based LBS consists of various water-miscible alcohols (e.g., methanol, ethanol,
1-propanol, and 2-propanol) and inorganic salts. This form of LBS has been utilized to overcome the
limitation of polymer-based LBS to improve the recovery of biomolecules from the phase-forming
component [7]. The use of alcohol as the phase-forming components can easily recover the biomolecules
by evaporating the alcohol from the top phase. A recent study also showed a greener approach using
food grade alcohol such as ethanol and 2-propanol compared to the conventional polymer-based LBS
for the extraction and recovery of carotenoids from microalgae [7]. Additionally, the phase-forming
component can reduce the cost of the process by recycling and reusing the alcohol using rotary
evaporator for the next extraction process. Despite its advantages, the drawbacks of using alcohol,
especially methanol, as the phase-forming component is the toxicity and hazardous effects towards
the environment.

Ooi et al. (2009) reported a study on purification of lipase from Burkholderia pseudomallei using
alcohol/salt-based LBS [19]. The best lipase recovery was achieved in LBS composed of 16% (w/w) of
2-propanol, 16% (w/w) of potassium phosphate and 4.5% (w/v) sodium chloride with a purification
factor of 13.5 along with the yield of 99%. The presence of alcohol component in LBS also did not
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inhibit the enzymatic activity of purified lipase. The effect of NaCl on lipase partitioning was found to
generate an electrical potential difference in the LBS [34]. An increase in the salt concentration could
generate an electrostatic potential that strongly expelled the negatively charge biomolecules toward
the water-miscible alcohol in top phase, thus resulting in a high recovery yield.

Lin et al., (2013) conducted a study using alcohol/salt-based LBS to recover the intracellular human
recombinant interferon-α2b (IFN-α2b) from Escherichia coli [34]. A different variety of combinations
between alcohol-based top phase (ethanol, 1-propanol and 2-propanol) and salt phase (ammonium
sulfate, dipotassium hydrogen phosphate, and monosodium citrate) were conducted. LBS composed
of 18% (w/w) of propanol and 22% (w/w) ammonium sulfate in 1% (w/w) sodium chloride was reported
to be the optimal conditions for the purification of IFN-α2b achieving a purification factor of 16.2 with
the yield of 74.6%. Ammonium sulfate salt was selected due to its high level of pH in the system which
provided a high purification factor of IFN recovery. As the pH environment in LBS increased, the
contaminant protein and IFN protein were partitioned toward water-miscible alcohol top phase. This
is mainly due to the negatively charge protein which tends to partition to the top phase and repels
from the salt-rich bottom phase [34].

A recent study conducted on a recyclability test utilizing 1-propanol and ammonium sulfate
system for the phlorotannin recovery from Padina australis and Sargassum binderi [35]. The highest
recovery of phlorotannin were 76.1% and 91.67% with purification factor of 2.49 and 1.59 from Padina
australis and Sargassum binderi, respectively. A consistent recovery of phlorotannin was obtained after
conducting two cycles of the system. This showed a feasible and eco-friendly approach of utilizing the
alcohol-based LBS for biomolecules extraction.

2.3. Ionic Liquid-Based LBS

A new trend of research by using ionic liquids (ILs) have been an alternative organic compound
and non-volatile green solvent in the downstream processes. Their remarkable properties such as
negligible vapor pressure, low melting point and high thermal stability have received numerous
attention from researchers [36,37]. ILs are composed with tuneable physico-chemical properties of
cationic and anionic ions [38]. The cationic part of ILs usually consists of choline cation, ammonium
cation, quaternary ammonium or phosphonium, and guanidium cation. As for the anionic part, it
consists of environmentally friendly sources such as carboxylic acid, amino acid and biological buffers.
Thus, replacing ILs as the phase-forming component in LBS would be beneficial for the extraction and
purification of specific target biomolecules from complex crude extract [39]. Additionally, ILs have
also been employed for various applications such as electrolytes (e.g., fuel cells, batteries and sensors),
CO2 capture, lubricants, and fuel additives. The cost of reactant for the synthesis of ILs are expensive.
Therefore, it is important for ILs to be recycle- and reuse-able to ensure that ILs-based LBS are more
feasible and applicable in the bioprocessing industries for the next extraction processes. A review by
Ostadjoo et al., (2017) revealed the green and environmentally friendly, 1-ethyl-3-methylimidazolium
acetate ([C2mim][OAc]) for its potential features in the field of lignocellulose biomass dissolution
and biopolymer processing [40–42]. Yet, there is still insufficient studies related to their toxicity and
eco-friendliness on scaling up these ILs, especially imidazole- and pyridinium-based ILs. Here we
recommended that these ILs need to be further fabricated by replacing environmentally-friendly
anionic part such as carboxylic acid, amino acid and biological buffers in order to minimize their
toxicity in various application.

Gutowski et al. (2003) reported that by mixing imidazole-based ILs and a kosmotropic salt
(i.e., K3PO4) would lead to the formation of a biphasic system [43]. This research had gained interest
investigating the phase separation behavior of IL-based LBS. The study on protein extraction using
IL-based LBS in a single step was conducted by Du et al. (2007). The researchers had successfully
extracted the protein from human urine into the IL-rich top phase with a distribution of 10 and
enrichment factor of 5 [44]. Apart from that, Ng et al. (2014) investigated the purification of CGTase
from Bacillus cereus fermentation broth in IL/salt LBS, composing of 35% (w/w) of (Emim)BF4 and
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18% (w/w) of sodium carbonate with the addition of 3% (w/w) of NaCl [45]. The optimized operating
conditions showed that the IL-based LBS was a promising approach for the purification and recovery
of CGTase in a single step operation attaining a high purification factor of 13.86 and yield of 96.23%.
Ng et al. (2014) also reported that it was crucial in the selection of salt such as citrate and carbonate
ions as they played an important role in LBS formation and was able to attract water molecules toward
them by forming strong intermolecular interaction [45].

Chang et al., (2018) used a series of alkyl bromide imidazole for the extraction of C-phycocyanin
(CPC) from Spirulina platensis and found that the longer the alkyl chain, C8MIM-Br enhanced the
extraction efficiency of CPC [46]. The results indicated that by using C8MIM-Br/salt LBS the maximum
extraction efficiency, partition coefficient, and separation factor of CPC were 99.0%, 36.6, and 5.8
respectively. ILs-based LBS demonstrated an efficient and feasible separation technique for the
extraction of various biomolecules from complex crude extract. This was supported by a recent
study that evaluated the protein partitioning in ILs-based LBS composed of Iolilyte 221 PG and
citrate salts was found to be feasible but complex depending on various factors such as concentration
of phase-forming component, pH, temperature, ionic strength, and chemical nature of the target
biomolecules [47]. Proteins are negatively charged particles therefore it favours a system pH (≥6.50)
higher than the isoelectric point of protein. Moreover, the partition coefficient for tie-line length within
38–76% were reference points for specific protein (e.g., bovine serum albumin and rubisco) to be
partitioned at the top phase.

2.4. Deep-Eutectic-Solvent-Based LBS

Deep-eutectic-solvents (DESs) are defined as a subclass from ILs because of their similarity in
physical and chemical properties of ILs [48]. The behavior exhibited from DESs are contributed
from hydrogen bonding, whereas ILs are dominated by ionic interactions [49]. DESs are more
environmentally friendly as compared to ILs (e.g., imidazole- and pyridinium-based ILs) which
are toxic and non-biodegradable. The synthesis of DESs is by combining hydrogen bond acceptors
(e.g., quaternary ammonium and phosphonium salts) and hydrogen bond donors (e.g., alcohols,
carboxylic acid, and amide). A major advantage from DESs are their charge delocalization properties
which are responsible for the decrease in melting point of mixture relative to the raw material [50].
The bottleneck from using ILs such as high cost and complex synthesis route have been solved by
these DESs. By having the similar characteristic as ILs and exhibiting some distinguishing features,
including ease of synthesis, low cost, and valuable for industrial application, DESs have gained interest
in many fields especially in LBS [51].

Choline chloride (ChCl) is a convention quaternary salt used to synthesize DESs. ChCl-based DESs
have the same advantages with ILs besides showing excellent biodegradability and low toxicity [52].
Zeng et al. (2014) had performed the extraction of bovine serum albumin (BSA) using four different
kind of DESs, namely, choline chloride (ChCl)-urea, tetramethylammonium chloride (TMACl)-urea,
tetrapropylammonium bromide (TPMBr)-urea, and ChCl-methylurea [53]. The extraction efficiency of
BSA under the optimum LBS conditions composed of 0.7 g mL−1 ChCl-urea and 2.0 mL dipotassium
phosphate, K2HPO4 could reach up to 100.5% that collectively highlighted the advantages of the
DES-based LBS for the extraction of protein. Unfortunately, this work was unable to back-extract
the target protein free from the DES-LBS because of the hydrophilicity characteristic of DES in the
aqueous solution.

A similar work with different DESs was investigated by Pang et al. (2017) using DES-based LBS
which composed of choline chloride-polyethylene glycol (ChCl-PEG or DES) and sodium carbonate
were applied for the extraction of specific protein (i.e., BSA and papain) [52]. ChCl-based DES was
prepared by mixing two compounds, 0.68 g mL−1 ChCl and 0.1 g mL−1 PEG 2000 at the molar ratio of
20:1, stirring up to 100 ◦C until a homogenous colorless liquid was formed. The result showed that the
DES-NasCO3 LBS under the optimum condition had successfully obtained a high extraction efficiency
of BSA (95.16%) and papain (90.95%). Moreover, the back-extraction of target protein was performed
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by extracting 1 mL DES top phase followed by the addition of ammonium sulfate (NH4)2SO4 and
0.45 mL ethanol to form a new LBS. However, it was found that by increasing the concentration in the
salt-rich bottom concentration would lower the efficiency of the back extraction.

A modified DES-based LBS using ultrasonic-assisted were employed for the extraction of ursolic
acid from Cynomorium songaricum Rupr [54]. This approach was compared to the convention
ultrasonic-extraction method. The recovery yield of ursolic acid was comparable. However, the
presence of LBS promotes a higher purification of ursolic acid. The recovery yield of ursolic
acid was 22.10 ± 0.44 mg/g with purification factor of 42.41 ± 0.84% as compared to conventional
ultrasonic-extraction method where the recovery yield was only 20.9± 0.79 mg/g with a low purification
factor of 20.17 ± 0.77%.

2.5. Surfactant/Detergent-Based LBS

Surfactant-based LBS is the transformation of phase-forming component from conventional
polymer-based LBS. The surfactant-based LBS is formed when both cationic and anionic surfactants are
separated into two immiscible liquid phases which consist of a high concentration than critical micelle
concentration (CMC) and at certain molar ratio of cationic and anionic surfactant composition. This
novel approach of surfactant-LBS has gained interest mainly due to the combination phase which exist
in many different forms (i.e., spherical micelles, rod-like micelles, or vesicles) by simply alternating
different composition and concentration of surfactants [55]. The principle of surfactant-based LBS
used the cloud point extraction (CPE) system in which the non-ionic surfactant is heated above the
cloud point temperature, causing dehydration of detergent for the phenomenon of phase separation to
occur [56]. The surfactant-LBS consists of one surfactant-rich phase and the other is the surfactant-dilute
phase. The organic contaminant will partition into the surfactant-rich phase and will then aggregate and
concentrate at that phase. The presence of small amount of remediated water in the contaminant will
remain in the surfactant-dilute phase. Surfactant-based LBS is commonly used to separate hydrophobic
and amphiphilic molecules by solubilization and partitioning of membrane-bound substances.

Surfactant-based LBS composed of 24% (w/w) Triton X-100 and 20% (w/w) xylitol was used for
the purification of lipase from pumpkin seeds [57]. The results showed that the surfactant-based LBS
had the ability to partition the lipase into the top surfactant-rich phase and leave the impurities at the
bottom xylitol-rich phase. The proposed optimized method had successfully recovered the enzyme
with purification factor of 16.4 and yield of 97%. This study also demonstrated that the recovery phase
component could be recycled up to five runs with a high percentage of recovery of 97%. However, it
was noted that there was a significant decrease in recovery of the phase component after the fifth cycle
in which could be mainly due to the accumulation of impurities present in the phase component.

An example of surfactant-based LBS extraction was conducted by Sankaran et al. (2018) using
surfactant and xylitol under the optimum operation condition of 25% w/w of xylitol concentration, 15%
(w/w) Triton X-100, 80% w/w of crude lipase, 4 mL of top phase, 35 mL of bottom phase, pH 7, and 15
min of flotation time showed the maximum lipase extraction and efficiency of 3.63 and 86.46% [58].
In addition, the recyclability of both components in surfactant-LBS extraction makes this an excellent
process, as this innovative method was practical and feasible to be applied in the biotechnology
industry for extraction of other biomolecules. Table 1 summarizes the extraction of biomolecules using
various types of phase-forming component in LBS.
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3. Advance Technologies Integrated with LBS

3.1. Bubble-Assisted LBS

Bubble-assisted LBS or known as liquid biphasic flotation (LBF) is the combination of LBS and
solvent sublation (SS), in which the biphasic medium composed of organic solvent and aqueous
salt solution is aerated by air bubbles (e.g., nitrogen and oxygen) in promoting the adsorption of
target biomolecules during the separation process [8] (refer to Figure 2a). SS is an adsorptive bubble
separation technique introduced by Sebba who suggested that the use of an immiscible thin organic
solvent layer overlaid on top of the liquid bulk as a modification of ion flotation [59]. LBF has
accommodated the ease for extraction of high value biomolecules such as protein, lipase, astaxanthin,
and betacyanin [8,10,60,61]. The theory of LBF system is the phenomenon of surface-active biomolecules
having a sorption mechanism between the air bubbles surfaces. The bubbles then arise and dissolve
in an organic solvent phase on top of the aqueous solution in the system [11]. With the presence of
bubble-assistance in LBS, this could intensively strengthen the adsorption mechanism produced by
the bubble transportation; thus, this system is feasible for separation and extraction of biomolecules.
Figure 2a illustrates the set-up of bubble-assisted LBS.

A pilot-scale LBF consisting of 0.9 L of 50% (w/w) of 1-propanol and 1.5 L of 250 g/L ammonium
sulfate salt, (NH4)2SO4 had been developed for direct recovery of lipase derived from Burkholderia
cepacian [62]. The purpose of this study was to conduct a comparison between the recovery of lipase
on pilot-scale and small-scale LBF processes. Preshna et al., (2016) had reported that the pilot-scale
alcohol/salt LBF system acquired a purification factor of 12.2, efficiency of 88%, and a recovery yield
of 93.27% which was feasible for purification of lipase to be implemented into the industrial scale
processes [62].

Leong et al. (2018) utilized LBF which composed of 10 mL of 100% ethanol, 20 mL of 200 g/L
K2HPO4 salt solution, 1 g FE (peel or flesh of red-purple pitaya), and 15 min flotation time for
betacyanins extraction [8]. The results under the optimum conditions of LBF revealed that the
betacyanins extractions from 1 g FE of peel in alcohol-rich top phase was 95.989 ± 1.708% with
separation efficiency and partition coefficient of 88.361 ± 1.708% and 24.168 ± 2.949%, respectively. The
recovery from 1 g FE of flesh was 95.488 ± 0.213% with separation efficiency and partition coefficient
of 94.886 ± 0.060% and 21.195 ± 1.030%, respectively [8]. The objective of this work showed that the
LBF has a great potential in bioseparation technology as compared with other extraction techniques
such as diffusion extraction, ultrafiltration, and reverse osmosis in which only able to recover 70–75%
of betacyanins [63].

Rather than using alcohol-based LBS, a recent study had showed the extraction of α-Lactalbumin
from whey used a different phase forming component (i.e., PEG 1000 and citrate salts) along with
bubble-assisted technologies showed a separation efficiency and purification fold of 87.54% and 5.33 [64].
The advantages of this study had showed the feasibility of bubble-assisted technology compared to
conventional liquid-liquid extraction providing a low processing cost, rapid, and good separation
yield. However, a further study is required to fulfil the gaps in the bubble-assisted technology. This is
to ensure a better understanding regarding the mass transfer and the development of kinetics model of
LBF in the separation of biomolecules.
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Figure 2. Schematic diagram of (a) bubble-assisted LBS, (b) ultrasound-assisted LBS, and
(c) electricity-assisted LBS.
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3.2. Ultrasound-Assisted LBS

In the biotechnology processes, cell disruption is considered as the most important process for
higher extraction and recovery yield. Ultrasound-assisted LBS is an integrated technique which has
been extensively acknowledged by researchers due to its effective properties of cell disruption [65,66].
The advantages of ultrasound-assisted LBS includes low operating cost, less energy consumption and
short period of time requirement [67]. The fundamental of ultrasound irradiation is the high shear
forces produced from cavitation bubbles of ultrasonic waves and mechanical shears which enhanced
the cell disruption for effective biomolecules extraction [68]. Figure 2b shows a schematic set-up of
ultrasound-assisted LBS.

A recent study conducted by Sankaran et al. (2018) utilized the application of ultrasound-assisted
LBS for extraction of protein from Chlorella vulgaris FSP-E microalgae [12]. The authors found that the
ultrasound-assisted LBS had the ability to break down the rigid cell wall, followed by the release of
protein for extraction. The maximum efficiency and yield of protein were 75% and 65.4%, respectively [6].
An integrated system of ultrasound and LBF was used to compare the effectiveness recovery of the
release protein into the solution for extraction [69]. It was reported that the ultrasound-assisted LBF
had better advantages over the ultrasound-assisted LBS, driven by its higher concentration coefficient
and a better separation efficiency. This was mainly due to the presence of air bubbles which enabled
the adsorption of surface-active proteins from the bottom phase to the top phase. As a result, this led
to a higher separation efficiency and recovery yield. This integrated sugaring-out ultrasound-assisted
LBF under the optimum conditions composed of 100% (w/w) acetonitrile, 200 g/L glucose concentration,
biomass concentration of 0.6% with 5 min of 5 s ON/10 s OFF pulse mode, and at a flow rate of 100 cc/min
had given rise to the protein separation efficiency and recovery yield of 86.38% and 93.33%, respectively.

Aside from that, ultrasound-assisted extraction has also been widely employed for the
cell disruption of lignocellulose biomass from plants [70]. The extraction of phenylethanoid
glycosides (e.g., echinacoside and acteoside) from Cistanche deserticola stems using ultrasonic-assisted
LBS successfully recovered 27.56 and 30.23 mg/g, respectively [71]. This approach showed that
ultrasonic-assisted LBS were efficient, eco-friendly and cheap method for extracting and enriching
biomolecules from lignocellulose biomass. However, it is crucial to monitor the process temperature
when dealing with ultrasonic irradiation. The high shear forces produced from the cavitation bubbles
of sonic wave would generate a high temperature process which will degrade or deform the target
biomolecules resulting in an unfavorable low extraction yield. Another supporting research of using
the application of ultrasound-assisted LBS was the extraction and separation of antioxidants such
as xylooligosaccharides (sugar) and phenolic compound from wheat. In ultrasound-assisted LBS
composed of 23.8% (w/w) ammonium sulfate, 24.3% (w/w) ethanol, 1.2% (w/w) biomass loading with
ultrasound wave (30 Hz, 500 W, 10 min), extraction yielded the highest recovery of sugar and phenols
were 16 mg/g and 2.67 mg/g dry material [72]. This showed that implementation of ultrasound
improved the efficiency of extraction of wheat chaff in LBS yielding 1.3–2 times higher, respectively
than those without ultrasound.

3.3. Electricity-Assisted LBS

Electricity-assisted LBS (see Figure 2c) is a promising mild cell disintegration extraction technique
for recovery of biomolecules. For instance, the electricity treatment such as pulsed electric field
(PEF) demonstrates the conceptualization of the initiation of short electrical pulses in the order of
magnitude of ms or μs subjecting the charge in the cell membrane which is sufficient to perform a
rearrangement or disruption of membrane and lead to the pore formation. This process is also known
as electroporation. However, an optimum condition is required as PEF is dependent on the intensity
of the treatment and cell characteristics in which pore formation is reversible or irreversible [73–75].
PEF treatment also increased the mass transfer energy of the system. By combining both PEF and LBS
would be an advantage for an efficient extraction of treated sample. This combination is known as an
electropermeabilization where the presence of electric and extractive solvent improves the release of



Processes 2020, 8, 149

intracellular compound from treated sample [76]. Moreover, electricity treatment not only provides
higher extraction efficiency of biomolecules but also a greener approach in the biotechnology industries.

Lam et al., (2017) investigated the operating condition required to release selective proteins from
the cell wall of Chlamydomonas reinhardtii (cc-124) strain and the cell wall deficient mutant strain (cc-400)
using PEF treatment without the presence of LBS [77]. The results showed that after PEF treatment,
with operating condition of 5–7.5 kV/cm, 1–10 pulses, and a pulse length of 0.05–0.2 ms on the cell
wall, deficient mutant (cc-400) was on average three times higher than cell wall strain (cc-124) with
average protein yield of 31 ± 6% protein and 11 ± 3% protein. Additional experiments utilizing PEF
treatment with low energy input (range between 0.01 and 0.5 kWh/kgDW) were also conducted on cell
wall deficient mutant strain (cc-400) with a maximum recovery of 30% at 0.04 kWh/kgDW. Furthermore,
the results obtained from PEF treatment with low energy input was compared with bead beating which
only obtain an average of 34 ± 4.2% proteins.

A recent work conducted by Leong et al. (2019) on betacyanins extraction from peel and flesh of
red-purple pitaya using the liquid biphasic electric flotation (LBEF) [76] had reported that this new
integration process of electricity supplied in LBF system could cause an electropermeabilization of
red-purple pitaya membrane structure and improve the betacyanins extraction from red-purple pitaya.
An optimum system composed of 100% (w/w) ethanol, 200 g/L of dipotassium hydrogen phosphate
(K2HPO4) with 15 min floatation time (flow rate of 20–30 cc/min), and applied up to 3 V of voltage
using graphitic electrodes showed the highest separation efficiency of betacyanins concentration
(98.383 ± 0.215% for peel and 96.576 ± 0.0083% for flesh, respectively) [76]. Table 2 summarizes the
advance technologies integrated with LBS for the extraction of biomolecules.
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4. Key Parameters Affecting LBS

4.1. Type and Molecular Weight of Polymer

In polymer-salt based LBS, the polymer phase component is crucial as it exhibits different degrees
of hydrophobicity on target biomolecules partitioning. As the molecular weight of polymer increases,
the hydrophobicity also increases due to the long hydrocarbon chain of monomers. This effect causes a
reduction in free volume of the polymer-rich top phase, forcing the target biomolecules to be partitioned
to the bottom phase. On the other hand, low molecular weight polymer will decrease the purification
factor for target biomolecules as it will be partitioned together with contaminant proteins at the
polymer-rich top phase [31,32]. Therefore, it is important in selecting an optimum condition for the
hydrophobicity of polymers to obtain the maximum recovery of target compounds.

The effect of molecular weight has been discussed with the used of polymers such as PEG and
potassium phosphate salt for the recovery of cyclodextringlycosyltransferase (CGTase) from Bacillus
cereus [32]. In this work, the different molecular weights of PEG (e.g., PEG 4000, 6000, 8000, 10,000,
and 20,000) were used in the LBF system for the CGTase extraction at a constant crude extract to
volume ratio of 1.0:3.0. It was found that the maximum purification factor of 7.26 and 97.1% recovery
of CGTase were achieved composed of 18.0% (w/w) PEG 8000 and 7.0% (w/w) potassium phosphates
LBS. Well, as for the lowest molecular weight, PEG 4000 and highest molecular weight, PEG 20,000
showed a purification factor of 2.25 and 3.23, respectively. This indicated that the low molecular weight
polymer (PEG 4000) withdraw contaminant biomolecules to the polymer-rich top phase and the high
molecular weight (PEG 20,000) would engender a more viscous phase, resulting in the decrease of free
volume of polymer-rich top phase caused by volume exclusion effect. In most cases, it is recommended
to start with a low molecular weight, depending on the product compatibility while optimizing the
partitioning condition.

In addition, one of the limitations of using PEG and salt as the phase-forming component in
LBS is that most of them cannot be recycled for the next process. The non-recyclable phase-forming
component makes the overall LBS in downstream processes to be unfavorable as it causes environmental
pollution and increases cost operation [78]. To improve the recyclability of phase-forming component
in the LBS process, another similar research replaced using thermo-separating polymer (EOPO) as
the phase component for the purification and recovery of CGTase [31]. The recovery of EOPO after
recyclability was more than 80% verifying the viability of recyclable characteristics. This simple,
rapid and recyclable feature show that the LBS process is a promising and attractive approach for the
recovery and purification of target biomolecules.

4.2. Type and Concentration of Alcohol

The use of different alcohols (e.g., methanol, ethanol, 1-propanol, and 2-propanol) with different
concentrations in the LBS will affect the overall recovery yield of target biomolecules. The exposure
of active site from the implementation of organic solvent helps to maintain the enzyme’s open
conformation and bind the target compounds to the alcohol-rich top phase. A larger amount of
alcohol is favorable as it will enhance the target biomolecules buoyancy and stability towards the
interface layer.

Santos et al. (2016) conducted an experiment on extraction of caffeine from coffee bean and
guaraná seed and reported the possibilities to manipulate the partitioning of caffeine to either the
alcohol-rich top phase and salt-rich bottom phase [79]. For caffeine to be partitioned at alcohol-rich
top phase, an increase in the concentration of 2-propanol caused the increment in the “caffeine-water”
interaction. This effect will promote the biomolecules to be partitioned at the alcohol-rich top phase.
Meanwhile, methanol was selected for caffeine to be partitioned at the salt-rich bottom phase. The
purpose of selecting methanol was due to its low partition coefficient; therefore, increasing the tendency
of caffeine to be partitioned at the salt-rich bottom phase.
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A recent study on recovery of glycyrrhizic acid (GA) and liquiritin (LQ) from Chinese licorice root
(Glycyrrhiza uralensis Fisch) reported that 87% GA and 94% LQ were successful obtained at alcohol-rich
top phase under the optimum condition of 25% (w/w) ethanol and 30% (w/w) K2HPO4 in the LBS [80].
The effect of alcohol concentrations from 14 to 34% (w/w) and the extraction efficiency and partition
coefficient were studied. By increasing the alcohol concentration to 26% in the system, the extraction
efficiency and partition coefficient increased for both GA and LQ biomolecules. However, the extraction
efficiency and partition coefficient decreased when the alcohol concentration was increased to 34%.
This was due to the large amount of water-soluble alcohol in the alcohol-rich top phase interacting with
the water molecules and causing the biomolecules to be partitioned to the salt-rich bottom phase [81].
This term was also referred as “volume exclusion” effect. In general, the selection of alcohol is mainly
dependent on the target biomolecules from the complex crude extract. Each target biomolecule has
their respective physico-chemical properties and therefore, it is difficult to govern a specific optimum
condition for extraction and separation in LBS.

4.3. Type and Concentration of Salt

In the LBS, it is critical in selecting the type of salts as the phase-forming component since it can
significantly affect the solubility and interaction of the target biomolecules. When the salt is added into
a solution, the surface tension of water will increase which then leads to the increase of hydrophobic
interaction between protein and water [82]. Few studies had shown that a high saturation level of salt
concentration will cause a reduction in solubility of target biomolecules due to the higher salting-out
ability of salt [20,36]. Lu et al., (2016) reported that the ability of salt solution and hydrophilic alcohol
solution to form a biphasic system was mainly dependent on the Gibbs free energy of salt hydration [83].
The alteration in environmental phase system and behavior of biomolecules partitioning is utilized
by the different salt components [84]. Different salts used for the LBS were based on their capability
to support hydrophobic interaction between biomolecules [85]. According to the Hofmeister series,
the salting-out ability of anions are arranged in the following order: SO4

2− > HPO4
2− > citrate3− >

F− > Cl− > Br− >I− > NO−3 > ClO4− [25]. However, an optimum condition is required in order to
obtain the maximum recovery of target biomolecules. It is also important to select a biodegradable and
eco-friendly salt to ensure a more sustainable green approach in utilizing the LBS.

The effect of various salts used has been studied with the use of potassium dihydrogen phosphate
(KH2PO4), magnesium sulfate (MgSO4) and ammonium sulfate ((NH4)2SO4) for the extraction of
protein from Chlorella sorokiniana microalgae [10]. In this study, the salt concentration of 250 g/L
were selected for each salt (KH2PO4, MgSO4, and (NH4)2SO4) as an optimum condition in the LBF.
It was found that the KH2PO4, MgSO4, and (NH4)2SO4 exhibited high separation efficiency of 97.85%,
97.74%, and 97.74%, respectively. However, an observation was found using KH2PO4 solution where
a white solid was formed and deposited around the interface at flotation time of 1.5 min, showing
its incapability for the separation process. This formation happened when the properties of salt
having a low solubility. Thus, an addition process is required to melt the solid salt solution. Another
observation found using MgSO4 solution was the absence of interface in the LBF after a flotation time
of 4 min. In contrast, it was observed that only (NH4)2SO4 solution could clearly render the highest
recovery yield and purification values of 56.06% and 68.99%, respectively. The possible explanation
was (NH4)2SO4 has a lower molecular weight as compared with KH2PO4 and MgSO4. As a conclusion,
the extraction of protein is more favorable in the alcohol-rich top phase with increasing partitioning
coefficient (K) when a low molecular weight salts is used [18,34]. However, the selection of various
salts is still dependent on the compatibility of LBS and interaction among biomolecules.

The study of salt concentration was continued by using ammonium sulfate at the concentration
range of 100 to 300 g/L. The effect of increasing salt concentration tends to increase the protein recovery
yield. As supported by Phong et al. (2016), it was stated that the salting-out effect would occur at
a higher salt concentration, the presence of ions tended to decrease the solubility of protein in the
salt-rich bottom phase [9]. A further increase in salt concentration would decrease the protein recovery
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percentage. It was recommended to start with a minimum salt concentration of 20% (w/w) until the
optimum condition was obtained rather introducing a high salt concentration abruptly.

4.4. pH System

The partitioning of target biomolecules can be affected by the pH system in LBS, due to a change
in charges and solute properties of solute. The net charge of the target biomolecule becomes negative
when the pH value is greater than the isoelectric point (pI) and positive when pH value is lower than
the pI. If the net charge is equal to zero, both pH and pI values are equal [86]. Generally, it is found
that in higher pH system would induce a positive dipole moment causing the partition coefficient
to increase; therefore, favor the partitioning of negatively charge target biomolecules towards the
polymer-rich top phase [87,88].

The partitioning of polyhydroxyalkanoate (PHA) from Cupriavidus necator H-16 in the
thermoseparating-based LBS showed a good setup in altering the pH system as compared with
conventional PEG-based LBS [89]. PHA showed a purification factor and recovery yield of 3.67% and
63.5%, respectively, at the pH 6 which was better than the conventional PEG-based LBS that had zero
recovery of PHA in the top phase when pH was less than 7. However, there was a sudden drop in
PHA recovery yield of 46.4% when the pH was adjusted to 8.0 to 8.8 in the system. Another study
of extraction of BSA had shown that the different pH values could alter the net charge of targeted
compound [90]. It was reported that the pH value increased from 6.0 to 9.0 which was larger than the
isoelectric point of BSA (pI = 4.8) resulted in a maximum recovery yield of 84.32%. However, the high
pH value is not favorable in the LBS since it can induce the protein denaturation.

Another experiment of antioxidants (i.e., xylooligosaccharides and phenol) extraction from wheat
chaff explored the effect of pH on LBS [72]. The influence of pH value ranging from 2.5 to 7.0
was studied in the case of partitioning parameters of antioxidant such as recovery and partition
coefficient. A maximum recovery of sugar ranging from 96% to 99% was obtained at pH 7.0 but the
recovery of phenol decreased which could be explained by the phenol compound having a low pKa
value of 4.5. In extend, at pH values near pKa such as pH 4.0 was reported that the partitioning of
xylooligosaccharides was more towards the ethanol-rich top phase and phenol was more toward
salt-rich bottom phase at the highest recovery of 75% and 77%, respectively. Hence, it is important to
examine the effect of pH at the optimum condition to enhance the purification factor and recovery
yield of the target biomolecules as it could be damaged or denatured by varying the sensitivity of
pH conditions.

4.5. Temperature

The effect of temperature is dependent on the type of phase-forming components used in the
LBS and stability of target biomolecules from denaturation. A change in temperature also affects the
viscosity and density of the interface in the LBS. In most cases, the optimum temperature within the
range of 20 to 40 ◦C was utilized for maximum recovery and partitioning of target biomolecules. The
effect of temperature on the extraction efficiency of CPC from Spirulina platensis microalgae was studied
and the maximum extraction efficiency up to 99.0% was achieved near the temperature range of 308
K [46]. It was found that lowering the temperature to 298 K caused the rate of CPC recovery to decrease,
resulting in a low extraction efficiency. The influence of temperature on extraction efficiency study of
BSA and papain was evaluated [52]. However, the studies showed that the extraction efficiency of
both BSA and papain decreased when the temperature was increased. This phenomenon was due
to the increasing temperature which could inhibit the interaction of amino acid and surface water of
protein, resulting in less efficiency of protein extraction [89]. Hence, the effect of temperature should
be taken into consideration as the extraction efficiency of the biomolecule is dependent on the range of
temperature in the LBS.
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5. Future Prospect and Challenges of LBS Application

The use of LBS is a promising separation technique for extraction of valuable biomolecules. The
LBS can serve as an analytical tool to understand the chemical properties and behavior of target
biomolecules. However, developing LBS as an alternative way for separation and purification for
large-scale industrial application does encounter some key challenges that have to be re-addressed.
One of the major concerns regarding the LBS is the partitioning coefficient (K) of the biomolecules
into the top phase which is mainly dependent on the key parameters. It is time-consuming and
crucial to investigate each of the key parameters in order to determine the optimum condition for
maximum purification and recovery of biomolecules. The selection of phase-forming components
should also be made concerning to their biocompatibility, hazards and biodegradability. Therefore, this
favors an alternative phase-forming component which is more environmentally friendly and highly
biodegradable in the aquatic environment.

Another challenge that needs to be addressed in the LBS is the extraction of biomolecules from
natural sources. Regardless of various studies reporting the efficiency of LBS in the extraction of
biomolecules from natural sources and microbial fermentation broths, it is still difficult to understand
the biomolecules partition behavior, particularly when a complex crude feedstock is added into the
LBS. Moreover, the contaminants might have the similar characteristics with the target biomolecules
in the crude feedstock. This will cause lower extraction efficiency during the interaction with the
extraction medium in the LBS. The lack of understanding on the partition behavior remains a challenge
in utilizing the LBS for the recovery of biomolecules.

Furthermore, there is still some unexplored technologies such as magnetic and microwave
approach which can be integrated with LBS for enhancing biomolecules extraction efficiency. The
implementation of these new advanced technologies would be beneficial to enhance the knowledge in
LBS. Moreover, it has been proven that the present assisted technologies using bubble-, ultrasound-,
and electricity-assisted technologies showed a promising prospect in the recovery and purification
of biomolecules. However, these assisted technologies required an in-depth study due to the lack of
knowledge between its physico-chemical mechanism aligned with the LBS.

To maximize the large-scale use of LBS requires an ideal optimization technique at where the
system can perform at its best desired performance for various application. A recent review by
Torres-Acosta et al., (2019) has comprehensively evaluated the strategies to incorporate the LBS
technologies in the industry [91]. One of the most frequent optimization techniques used is univariate
optimization or known as one-factor-at-a-time (OFAT) analysis is where a single parameter at the time
after the other is selected based on its best performance. Aside from that, response surface methodology
(RSM) is another optimization technique found in most literature studies. This optimization technique
composed of a statistical design that allows a simultaneous variation of several parameters compared
to OFAT which depends on a single parameter at a time. Lastly, genetic algorithms (GA) is less
frequently used compared to RSM however can deliver excellent results. The fundamental of GA
involves the natural genetic inheritance (genotype) which relate specifically to the raw information of
LBS components such as concentration of alcohol, salt, pH system, and temperature and then interprets
the results (i.e., recovery yield, partition coefficient, and separation efficient) based on the characteristic
of the LBS. The advantages of this GA compared to RSM is that GA does not require a regression
or model tool as the optimizing approach, as the LBS is based on the previous results. In general,
these optimization strategies are one of the best-selling points to make LBS to be implemented at
industrial scales.

Aside from that, another strategy which could beneficial to the LBS is to study the recyclability
and reusability of the phase-forming components in LBS. This is to ensure that the LBS not only can
be employed as a separation and purification technique, but also promoting a sustainable low-cost
process in the downstream processes. On top of that, the implementation of extractive technologies
such as fermentation, cell disruption, bioconversion, crystallization, distillation, and metallurgy can be
proposed along with the LBS to allow the production and purification tasks to occur in one-step process.
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The advantages of this extractive technologies prevent the inhibition of the product and enhance the
stability of biomolecules in the production stage. These benefits from extraction technologies should
be further explored for the future development of LBS.

6. Conclusions

LBS is a simple, selective, scalable, and efficient tool to be utilized in downstream processing
for the purification and recovery of biomolecules. However, it is still yet favorable to be used at the
commercial scale as the complexity of the partitioning mechanism is difficult to predict. The challenges
associated with the LBS techniques such as economic feasibility and the understanding of partition
behavior need to be addressed to ensure the applicability in biotechnology industries. It is believed
that more development along with various kind of technologies integrated in LBS will be discovered
in the future. Hence, promoting the LBS to be used in commercial applications in recovering various
high value bio-based products.
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Abstract: Anaerobic digestion has been widely employed in waste treatment for its ability to capture
methane gas released as a product during the digestion. Certain wastes, however, cannot be easily
digested due to their low nutrient level insufficient for anaerobic digestion, thus co-digestion is
a viable option. Numerous studies have shown that using co-substrates in anaerobic digestion
systems improve methane yields as positive synergisms are established in the digestion medium,
and the supply of missing nutrients are introduced by the co-substrates. Nevertheless, large-scale
implementation of co-digestion technology is limited by inherent process limitations and operational
concerns. This review summarizes the results from numerous laboratory, pilot, and full-scale
anaerobic co-digestion (ACD) studies of wastewater sludge with the co-substrates of organic fraction
of municipal solid waste, food waste, crude glycerol, agricultural waste, and fat, oil and grease.
The critical factors that influence the ACD operation are also discussed. The ultimate aim of this
review is to identify the best potential co-substrate for wastewater sludge anaerobic co-digestion and
provide a recommendation for future reference. By adding co-substrates, a gain ranging from 13 to
176% in the methane yield was accomplished compared to the mono-digestions.

Keywords: anaerobic digestion; co-digestion; wastewater; biogas production; methane yield, sludge

1. Introduction

Many industries face difficulties in treating their high-strength wastewaters. These wastewaters
usually consist of a high chemical oxygen demand (COD) of more than 10,000 mg/L, or biochemical
oxygen demand (BOD) of more than 5000 mg/L. For instance, pineapple industrial wastewater and
palm oil mill effluent, generated at a rate of 0.5 to 0.75 tonnes per tonne of fresh fruit bunch, have a COD
of 50,000–80,000 mg/L [1,2]. These high-strength wastewaters need to undergo a series of treatment
processes to meet the local allowable discharge limits. Anaerobic co-digestion (ACD) has been
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recognized as an effective effluent treatment for industrial wastes, due to its ability to counter-balance
nutrient insufficiency and economic feasibility. ACD is a process of adding energy rich organic waste
materials to wastewater digesters in the absence of oxygen, as bacteria break down organic materials
and produce biogas. The most common processes involve a major amount of a main basic substrate,
for example, manure or sewage sludge, which is mixed and digested together with minor amounts of a
single, or a variety of additional substrate [3].

ACD has strong potential to contribute to both pollution control and energy recovery. One of
the major advantages of ACD is that it increases the efficiency of organic waste degradation and thus
biogas production. The capture of methane, which can be used as an energy source, is contributed
by diverting the wastes from landfills to wastewater treatment facilities. Co-digestion also forms an
ideal nutrient balance resulting in an increase of digestion performance and biogas yields. Because
of the use of co-substrates, which establish positive synergisms in the digestion medium, and act as
a supplier of missing nutrients, biogas yields are found to be improved from mono-digestion [4,5].
In addition, co-digestion gives a diversion opportunity to reduce landfill space, besides aiding most
municipalities to achieve their recovery goals. Therefore, wastewater treatment facilities can expect to
see a cost savings from incorporating wastes into anaerobic digesters with mono-digestion systems.
These include reduced-energy costs resulting from production of on-site power from biogas yields.

While there have been many studies on the advantages of ACD over mono-digestion [6], and its
effective outcome in treating waste, little to no research has reviewed the feasibility of various
co-substrates associated with their influential factors on co-digestion, and their optimum operating
conditions. Although co-digestion carries numerous benefits, many researchers have still encountered
difficulties in performing co-digestion, which have sometimes led to system upset, mainly due
to inappropriate substrate ratios and operating conditions. This challenge was demonstrated by
Wan, et al. [7], who reported a digestion failure when adding 75% or more of fat, oil and grease feed,
which may have caused acidification of the digester. This is also supported by Astals, et al. [8],
who reported system upset resulting in low methane yield when incorporating more than 4% of crude
glycerol into the digester. Wan, et al. [7] further added that a relatively short hydraulic retention
time (HRT) of ten days employed might also contribute to the digestion failure, due to washout of
microorganisms during removal of treated wastewater.

Despite the possible disadvantages of ACD, which likely have occurred through lack of knowledge
of ACD practice, this review discusses how results from numerous laboratory, pilot, and full-scale
ACD studies can be used to address the feasibility and potential of different co-substrates used
for ACD using domestic wastewater sludge as the main substrate. The review starts with the
summaries and discussions of the anaerobic co-digestion results from recent literature, and ends with
a comparative analysis to identify the best co-substrate for the ACD of wastewater sludge. At the end,
a recommendation on how the anaerobic co-digestion can be integrated into a wastewater treatment
plant (WWTP) is presented. This review aims to serve as a guideline for other researchers to achieve
optimum operating conditions for co-digestion leading to minimal operational problems and maximum
biogas production.

2. Potential Co-Substrates for Anaerobic Co-Digestion of Wastewater Sludge

In a wastewater treatment plant, wastewater sludge such as sewage sludge, waste activated
sludge, and thickened waste activated sludge, are usually sent to an anaerobic digester to remove solids
and generate biogas. As shown in Table 1, the potential co-substrates used in anaerobic co-digestion of
wastewater sludge are identified to be the organic fraction of municipal solid wastes (OFMSW), food
waste (FW), agricultural wastes (AW), crude glycerol (CG), and fat, oil and grease (FOG). In order to
achieve the optimal carbon-to-nitrogen (C/N) ratio for anaerobic digestion, which is around 20–30 [9],
wastewater sludge with a low C/N ratio of 6–10 can be co-digested with the co-substrate with a higher
C/N ratio to counterbalance the nutrients and avoid inhibition that leads to system instability.
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Table 1. Carbon-to-nitrogen (C/N) ratio of the primary and co-substrates reviewed in this study.

Common Primary Wastewater Substrates C/N Ratio Ref.

Sewage sludge (SS) 6–10 [10]
Waste activated sludge (WAS) 10 [11]

Thickened waste activated sludge (TWAS) 6–9 [12]

Common Co-Substrates Example C/N Ratio Ref.

Organic fraction of municipal solid wastes (OFMSW) 11–21 [13]
Food waste (FW) 11–15 [14]

Agricultural wastes (AW): Rice straw 50–53 [12]
Potatoes 35–60 [12]

Corn stalks/straw 50–56 [12]
Sugar cane/bagasse 140–150 [12]

Sugar beet 35–40 [12]
Grass/trimmings 12–16 [12]

Fallen leaves 50–53 [12]
Horse manure 20–25 [12]

Pig manure 6–14 [12]
Cow dung 16–25 [12]

Crude glycerol (CG) 68 [15]
Fat, oil and grease (FOG) 22 [7]

2.1. Organic Fraction of Municipal Solid Waste (OFMSW) and Food Waste (FW)

Municipal solid waste consists of diverse, discarded items such as product packaging, grass
clippings, furniture, clothing, bottles, food scraps, newspapers, appliances, paint, and batteries,
originating from residential, commercial and institutional locations [16]. The U.S. Environmental
Protection Agency’s (EPA) definition of municipal solid waste, however, does not include industrial,
hazardous, or construction and demolition waste [16]. The organic fraction of municipal solid waste
on the other hand, can be defined as the biodegradable fraction consisting of food waste, kitchen waste,
leaf, grass clippings, flower trimmings and yard waste, of which food waste occupies the highest
proportion [17].

The C/N ratio of OFMSW is around 11–21, and moisture content around 70–82% [13]; whereas for
food waste, the C/N ratio is around 11–15 [14] and moisture content of 82–86% [18]. Because of its
high biodegradability and suitable C/N ratio, OFMSW and food waste are potential co-substrates for
anaerobic digestion. Fruit and vegetable waste, on the other hand, is a source-selected food waste
consisting of only waste fruits and vegetables.

Table 2 shows the summary of studies utilizing OFMSW, FW or FVW as co-substrates for the
anaerobic co-digestion of wastewater sludge. Cabbai, et al. [19] demonstrated an improvement of
16% and 48% in methane yield when co-digesting sewage sludge with FVW and FW in a volatile
solids (VS) ratio of 1:0.23 and 1:2.09, respectively. However, the VS removal reduced by 25–40%.
Dai, et al. [14] showed an increase in methane yield from 25% to 67%, and VS removal from 51% to
70%, when the VS ratio of dewatered sludge and FW decreased from 2.4:1 to 0.4:1. These two studies
indicated that a higher portion of the FW/FVW co-substrate brought about enhancement in methane
yield compared to mono-digestion of wastewater sludge alone. This meets expectations, because FW
contains higher biodegradable substrates for anaerobic digestion compared to sewage sludge, which is
quite refractory to hydrolysis [20]. The limitation of using FW as a co-substrate is in the monitoring
of the Na+ and free-ammonia nitrogen (FAN) contents in the substrate, which needs to be less than
4 g L−1 for Na+ [14] and 600 mg/L for FAN [21] to avoid system instability. Excess Na+ could interfere
with the metabolic process of the microbial activity [22], and excess FAN could lead to volatile fatty
acid (VFA) accumulations [21].

Co-digesting wastewater sludge with OFMSW under mesophilic conditions was shown to achieve
a methane yield enhancement of 59% and 89% in Silvestre, et al. [23] and Cavinato, et al. [24],
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respectively. The methane yield enhancement reached 233% when the co-digestion occurred under
thermophilic conditions [24].

Their results contradict Al bkoor Alrawashdeh, et al. [25] who showed a 44% reduction of
methane yield when the sewage sludge was co-digested with OFMSW. The same study [25] showed
that anaerobic digestion of waste untreated sludge alone gave the highest methane yield and VS
removal compared to treating waste activated sludge or co-digestion with OFMSW. Despite similar
VS and C/N ratios of the wastewater sludge and OFMSW, the differences in the methane yield
enhancement and VS removal could be due to the heterogeneous OFMSW sample used in the
experiments. In Silvestre, et al. [23] and Cavinato, et al. [24], the OFMSW came from a municipal
solid waste facility, whereas in Al bkoor Alrawashdeh, et al. [25], the OFMSW originated from
pre-selected household waste. Nevertheless, co-digestion with OFMSW generally aids in methane
yield, as the higher C/N ratio, VS and COD concentration of OFMSW (in the ranges of 17–36, 20–30%,
and 207–641 g/kg, respectively) could counterbalance the organic matter and nutrient deficiencies in
sewage sludge during anaerobic co-digestion, thus improving the metabolic activity of the biomass,
and, as a consequence, the enhancement in methane yield [26–28]. However, in order to incorporate
OFMSW as a co-substrate for sewage sludge anaerobic co-digestion, it is strongly recommended
that the impurities in the OFMSW be removed prior to the anaerobic co-digestion process to avoid
hydrodynamic problems, and blockage of the pump system [28].
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2.2. Crude Glycerol

Crude glycerol, the main byproduct from biodiesel production, is a high-strength organic matter
with an average COD of 1,200,000 mg/L and BOD of 97,080 mg/L [15]. It consists of glycerol,
alcohol, salts, water, free fatty acids, heavy metals, methyl esters, and unreacted mono-, di-, and
tri-glycerides [31,32]. The transesterification process produces biodiesel and crude glycerol at a
volumetric ratio of 10:1 [33]. In 2011, with a total of 5.1 million tonnes of glycerol produced, only 40%
were used, with the remaining 3 million tonnes a surplus. It is estimated that the global production of
glycerol will reach 7.66 million tonnes in 2020 [34]. Therefore, glycerol management and its associated
waste or value-added technologies play an important role.

The use of crude glycerol is limited because of the impurities, which affect its physical, chemical
and biological properties [35]. There are currently two consumer markets for glycerol, the first being
the already-existing market with the demand for high-purity glycerol, and the second being the use of
lower-purity crude glycerol from biodiesel production. Due to limited market demand of the latter,
biodiesel-producing industries are treating crude glycerol as industrial waste [35]. There are, however,
some other industries not engaging in biodiesel production who are looking for alternative routes for
crude glycerol as a raw material in other products [36].

One of the uses of crude glycerol is as a co-substrate for anaerobic digestion of low-strength wastes.
Crude glycerol is difficult to treat biologically, due to its low nitrogen content and extreme pH; however,
due to its high carbon content and anaerobic biodegradability, it can be used as a co-substrate in the
anaerobic digestion of low-strength wastes/wastewater, such as sewage sludge. The high alkalinity
level of crude glycerol with a pH of 10.3 [37], can also act as a buffer for acidic waste.

Table 3 shows the studies using crude glycerol as the co-substrate in anaerobic co-digestion
of wastewater sludge. When 1 vol% of crude glycerol was added to the anaerobic co-digestion of
sewage sludge, the methane yield was increased by 115% in Fountoulakis, et al. [38], and 176% in
Rivero, et al. [39], resulting in 0.56 and 2.1 L CH4 g−1 VSadded, respectively. The high methane yield in
the latter was due to the use of optimized two-stage anaerobic digestion processes (acidogenic and
methanogenic) and chemically pre-treated sewage sludge [39]. Despite the decrease in VS removal,
dos Santos Ferreira, et al. [40] showed that the optimum crude glycerol addition was 0.5 vol% to
achieve 73% enhancement in methane yield. The pilot-scale study by Razaviarani, et al. [41] showed
that the optimum organic loading rate should be around 1.04 g VS L−1 d−1, corresponding to 1.1 vol%
of glycerol addition to avoid process instability. Most of the studies were limited to using 1 vol% of
crude glycerol as the co-substrate, as a higher dosage would result in reduction in alkalinity and thus,
VFA accumulation and methanogen inhibition [41].



Processes 2020, 8, 39

T
a

b
le

3
.

Su
m

m
ar

y
of

st
ud

ie
s

us
in

g
cr

ud
e

gl
yc

er
ol

as
a

co
-s

ub
st

ra
te

in
an

ae
ro

bi
c

co
-d

ig
es

ti
on

of
w

as
te

w
at

er
sl

ud
ge

.

P
ri

m
a
ry

S
u

b
st

ra
te

C
o

-
S

u
b

st
ra

te
M

ix
in

g
R

a
ti

o
1

M
o

d
e

2

(V
o

lu
m

e
)

T
3

H
R

T
(d

)
O

L
R

(g
V

S
L
−1

d
−1

)

V
S

R
e
m

o
v

a
l

(%
)

M
e
th

a
n

e
Y

ie
ld

(L
C

H
4

g
−1

V
S

a
d

d
e
d

)
R

e
f.

M
o

n
o

C
o

Im
p

ro
v

e
d

%
M

o
n

o
C

o
Im

p
ro

v
e
d

(%
)

1
Se

w
ag

e
sl

ud
ge

C
ru

de
gl

yc
er

ol
99

:1
V

C
(3

L)
M

23
–2

5
-

−7
9

−3
2

60
0.

26
4

0.
56

4
11

5
[3

8]
2

Se
w

ag
e

sl
ud

ge
C

ru
de

gl
yc

er
ol

98
.9

:1
.1

V
SC

(1
20

0
L)

M
20

1.
04

42
52

24
0.

62
0.

87
40

[4
1]

3
Pr

e-
tr

ea
te

d
se

w
ag

e
sl

ud
ge

C
ru

de
gl

yc
er

ol
99

:1
V

SC
(9

L)
M

13 11 9 9

1.
94

2.
11

2.
26

1.
00

-
88

–9
2

-
0.

76

0.
92

0.
88

0.
98

2.
10

21 16 29 17
6

[3
9]

4
Pr

im
ar

y
sl

ud
ge

C
ru

de
gl

yc
er

ol
12

4:
2−

6
W

C
(4

L)
M

32
1.

25
–1

.9
-

-
-

0.
35

0.
55

–0
.7

5
57

–1
14

[4
2]

5
Se

w
ag

e
sl

ud
ge

C
ru

de
gl

yc
er

ol
99

.5
:0

.5
W

98
:2

W
C

(0
.8

5
L)

M
17

1.
81

–3
.6

8
53 55

62 75
17 36

0.
40

0.
38

0.
36

0.
34

−1
0

−1
1

[4
3]

6
Se

w
ag

e
sl

ud
ge

C
ru

de
gl

yc
er

ol
98

.8
:1

.2
V

C
(5

.5
L)

M
20

1.
2

36
57

58
0.

22
0.

29
31

[2
3]

7
Se

w
ag

e
sl

ud
ge

C
ru

de
gl

yc
er

ol

99
:1

V
99

.7
:0

.3
V

99
.5

:0
.5

V
99

.3
:0

.7
V

B
(0

.0
5

L)
M

15
-3

0
-

32
.5

8 21 19 16

−7
5

−3
5

−4
2

−5
1

0.
04

5

0.
01

0
0.

06
2

0.
07

8
0.

06
4

−7
8

38 73 42

[4
0]

1
M

ix
in

g
ra

ti
o:

V,
by

vo
lu

m
e,

V
S,

by
vo

la
ti

le
so

lid
s;

W
,b

y
w

ei
gh

t.
2

M
od

e:
B

,b
at

ch
;C

,c
on

ti
nu

ou
s;

SC
,s

em
i-

co
nt

in
uo

us
.3

T,
Te

m
pe

ra
tu

re
:M

,m
es

op
hi

lic
(2

8–
38
◦ C

);
T,

th
er

m
op

hi
lic

(4
0–

56
◦ C

).
4

Ta
ki

ng
V

S
of

cr
ud

e
gl

yc
er

ol
as

80
0

g/
L

(a
ve

ra
ge

d
fr

om
[3

7,
42

,4
3]

)u
nl

es
s

sp
ec

ifi
ed

.



Processes 2020, 8, 39

A proper amount of crude glycerol added (1–1.2 vol% [23]) may aid in the specific biomass activity,
as the degradation of crude glycerol results in the formation of more acetate, hydrogen, and propionate
and, as a consequence, enhance the methane yield [23].

2.3. Agricultural Wastes

Agricultural waste (also called agro-waste) includes animal waste, food processing waste,
crop waste, and hazardous and toxic agricultural waste [44]. Rice husks, coconut husks and shells,
wheat straw, sugarcane fiber, and groundnut shells are examples of the most common agricultural plant
residues. Animal waste includes cattle, pig and chicken manures. The major characteristics of manures
are often associated with high nitrogen content and the presence of easily-formed sulfur, ammonia,
and hydrogen sulfide gasses. Hence, mono-digestion of manures bring about excessive nutrients and
organic matter in the digester, thus inhibiting the production of methane. However, due to its high
nutrient content, it is a potential co-substrate for the main substrate with low nutrient content such as
sewage sludge. Although most agricultural residues or energy crops are lignocellulosic biomasses,
with carefully designed operating conditions, the anaerobic digestion process of these biomasses may
have the ability to promote methane from hemicellulose, which destabilizes the recalcitrant biomass
structure, allowing for improved solubilization of cellulose by commercial enzymes in the downstream
processes [45,46]. Mono-digestions of other agricultural waste, especially farm waste, have been
demonstrated to be successful [6,47]. Therefore, due to its large availability and variety, agricultural
waste could be a potential co-substrate for anaerobic co-digestion of wastewater sludge.

Table 4 summarizes the studies using agricultural waste as co-substrates for wastewater sludge
anaerobic co-digestion. Sugar beet pulp, olive and grape pomaces, paper pulp reject, cheese whey,
sheep manure, and brewery spent grain were utilized. The use of 50 vol% of paper pulp reject was
able to boost up to 131% of the methane yield compared to sewage sludge-anaerobic digestion alone,
due to its mostly cellulose nature in powder form, which resulted in faster hydrolysis [48]. The use of
5 vol% and 10 vol% cheese whey were also shown to improve methane yield by 44% [49] and 121% [50],
respectively. This enhancement is likely due to the improved C/N ratio of the feedstock mixture [51].
Maragkaki, et al. [50] compared the use of different co-substrates with a ratio of 5–10 vol% using grape
residue, sheep manure, cheese whey, with crude glycerol and food waste for sewage sludge-anaerobic
co-digestion. They found that crude glycerol was the best co-substrate, followed by food waste, which
was comparable with cheese whey, and lastly grape residue. Sheep manure was found to yield no
improvement, and deteriorated methane yield and VS removal [50]. Co-digesting sewage sludge with
acid cheese whey was also found to have negligible improvement. However, with both acid cheese
whey and brewery spent grain at a sewage sludge: acid cheese whey ratio of 89: 11, and an acid cheese
whey: brewery spent grain ratio of 10 g: 1 L, a methane yield enhancement of 56% was achieved [52].
Thus, selection of a suitable co-substrate and optimization of the operating conditions according to the
properties of the main substrate remains to be the major challenge before these co-substrates can be
utilized in a WWTP.
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2.4. Fat, Oil and Grease (FOG)

Fat, oil and grease is a term commonly used to describe lipid-rich waste material primarily from
edible oil producers, food processing industries, slaughterhouses, and food wastes [55]. It can be
grouped as grease trap, waste cooking oil (yellow grease), and interceptor wastes (brown grease)
consisting of yellow grease, water and food solids [56]. Since FOG has the tendency to accumulate
on pipe walls through a physical or chemical aggregation process, the direct discharge of FOG into
municipal wastewater collection systems is illegal in many countries, because it would cost the
municipalities a large amount of money in cleaning and maintenance [57]. Therefore, the current
best treatment method for waste FOG is separate collection for recycling (to be used for biodiesel),
or proper disposal.

FOG constituents include biodegradable lipids which present as neutral fats (i.e., triglycerides),
and saturated or unsaturated long chain fatty acids (LCFAs) [58,59]. Generally, lipids in FOG are first
hydrolyzed to glycerol and LCFAs in the anaerobic digestion process. Subsequently, LCFAs can be
degraded anaerobically to acetate viaβ-oxidation pathways to short-chain fatty acids, acetate, hydrogen,
and methane; whereas glycerol is degraded to acetate. These acetates are then anaerobically degraded
to methane [57,60]. Since the degradable fraction of lipids is higher than the mainstream carbohydrate
and proteins present in sewage sludge, anaerobic digestion of FOG theoretically could generate higher
biogas production [61]. Although FOG is regarded as an energy, value-added material, and recognized
as an advantage for incineration and biodiesel generation processes, anaerobic co-digestion with FOG
is considered a proper treatment method, because it requires insignificant pre-treatment, and produces
higher amounts of biogas [62,63].

Studies utilizing FOG as co-substrate in wastewater sludge anaerobic co-digestion are summarized
in Table 5. Co-digestion studies with FOG are relatively more complete and established than other
co-substrates discussed earlier. Results show a notably-improved methane yield ranging from 13
to 198%. Most of these studies showed that about 50:50% of sewage sludge and FOG to grease trap
waste on a VS basis offered comparatively higher methane yield, achieving close to 0.50 L CH4/g
VSadded [64,65]. Higher than that (e.g., more than 60 VS% of FOG/grease trap waste) would result
in biomass aggregation and thus, create a mass transfer limitation due to LCFA accumulation on
and in the biomass aggregates [65,66]. The high LCFA content in the FOG/grease trap waste due
to degradation of lipid-rich materials, is a known inhibitor of methanogenic bacteria, which would
usually cause a lag between LCFA degradation and methane production [67], and lead to operational
problems such as clogging and scum formation. Co-digesting with sewage sludge helps in diluting
the inhibitive LCFA [4,64]. Due to the carbohydrate and/or protein content in the sewage sludge,
such inhibition could be alleviated [68].

3. Factors Influencing Co-Digestion Performance

Several factors affect the functioning of anaerobic digesters and feasibility of co-digestion where
sufficient control is needed to prevent reactor failure. A few of the major influences that greatly affect
digester performances in co-digestion are mixing, co-substrate mixing ratio and nutrient balance,
operating temperature, organic loading rates (OLR), and hydraulic retention time (HRT) in the digester.
Based on the results as seen in Tables 2–5, these factors are further analyzed, reviewed, and discussed
in the following sections to gain deeper insight and consideration for future research. Summarized
optimum operating conditions are also presented.
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3.1. Mixing

Mixing provides a good contact between microbes and substrates, improves the ability of bacterial
population to obtain nutrients, and promotes homogenous feed to the digester. Mixing also reduces the
forming of inhibitory intermediates such as scum, and stabilizes digestion conditions by preventing
the development of temperature gradients [74]. Pockets of material may weaken the overall rate of the
process at different stages of pH and temperature when mixing is inadequate. Mixing can be done
through mechanical mixing, biogas recirculation, or through slurry recirculation [75]. Mixing also
improves gas production compared to unmixed digesters [76]. This has been proven in the study
performed by Rizk, et al. [77], in which ACD of wastewater treatment plant sludge and the OFMSW
with no mixing system in a 70 L reactor under mesophilic conditions showed that most biogas and
methane generated only at the first month of operation. This suggests that a mixing system needs to
be installed in the digester, particularly in co-digestion, to ensure a sufficient homogeneity besides
improving digester performance.

The effects of varying mechanical mixing conditions on co-digestion operations studied by
Stroot, et al. [78] affirmed that a low mixing state (80 rpm) is more effective than a high mixing speed
(200 rpm). This is because excessive mixing can interrupt the microorganisms in their ability to
digest. This indicates that setting an optimum mixing speed is essential, as it could substantially
affect the digestion and biogas production rates. However, Karim, et al. [76] mentioned that mixing
during the start-up is not beneficial, because it lowers the digester pH, resulting in performance
instability, and leading to delays in the start-up period. Hence, pH should be considered to obtain a
suitable condition in the digester during mixing for the best digester performance. Some studies have
also affirmed that intermittent mixing, known as semi-continuous mixing, is better than continuous
mixing. Unlike continuous mixing, which breaks the syntrophic relationship between acetogens
and methanogens [79], semi-continuous mixing provides sufficient time for microbial growth, which
then enhances the mass transfer from the liquid-to-gas phase, and ultimately increases the methane
yield [80]. Apart from the common impeller driven mixing method to aid mass and heat transfer, some
novel mixing innovations have also been developed, such as the Pneu-mechanical mixer [81] and biogas
recirculation using a new ‘O’ shaped diffuser design [79], which contributes to the synergistic effect of
carbon dioxide acidification and, thus, reduces digester pH, ammonia control and methane enrichment.

3.2. Co-Substrate Mixing Ratio and Nutrient Balance

The C/N ratio represents the correlation between the amount of carbon and nitrogen present in
organic matter. This ratio is the balance of food that a microbe needs to grow in order to perform
digestion of organic matter. The optimum C/N ratios in anaerobic digesters are usually between 20:1
and 30:1 [82]. A rapid utilization of nitrogen by the methanogens results in a lower gas production,
and this is indicated with a high C/N ratio. Conversely, a lower C/N ratio causes the ammonia
deposition and pH to surpass 8.5, which is considerably toxic to methanogenic bacteria. Therefore,
to achieve an ideal ratio of C/N in the co-digestion, it is suggested to have a mixture of waste with a
low and high C/N ratio.

Various mixture ratios often substantially affect the outcomes, as the ratio reflects the nutrient
balance in it. An ideal mixing ratio for OFMSW is recommended within 20–50 vol% to achieve optimum
nutrient balance in the digester (Table 2). This recommendation has been verified by Heo, et al. [83],
who conducted ACD of food wastes with sludge at a 50:50 ratio. The mixture of a high and low C/N
ratio resulted in an improved ratio from 6 to 16. Although the obtained C/N ratio of 16 is considered
below optimum, this improved ratio tended to have an overall better digestion performance in terms
of effluent volatile solids concentration, buffer capacity, and methane production.

An optimum substrate mixing ratio for crude glycerol is relatively low at 0.5–1.2 vol%, as shown
in Table 3. This is due to a high C/N ratio of crude glycerol at 68, indicating that a rapid consumption of
nitrogen by the methanogens leads to low biogas production if added in high concentration. To ensure
stable operation, the addition of glycerol should not exceed 4% under mesophilic conditions, to avoid
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adding excess nitrogen, which will trigger the generation of high acetic acid, eventually causing a
decrease in pH. This would then cause the methanogens to consume for a longer period to adjust and
overcome the pH, hence reducing methane production.

The substrate mixing ratio for agricultural wastes, on the other hand, is suggested within
5−50 vol% based on Table 4. The range appeared to be large as it is dependent on the selection of
pairing substrates. Conversely, it is advised to keep the digestion ratio for FOG within 5−60 VS%
to avoid an overly low or high C/N ratio based on Table 5. This is because the C/N ratio for FOG is
variable depending on the type of FOG existing in either grease traps, waste cooking oil, or interceptor
wastes forms. The C/N ratio for FOG can be as low as 9 or as high as 15. Hence, it is safe to start the
ratio at approximately 50% for stable methane improvement without excessive or insufficient nutrients.

3.3. Operating Temperature

Co-digestion treatment under both mesophilic and thermophilic conditions are feasible depending
on the substrates. Numerous researchers have highlighted the significant effects of temperature on the
microbial community, process kinetics, and stability and methane yield. Lower temperatures during
the process are known to decrease microbial growth, substrate utilization rates, and biogas production.
Lower temperatures may also result in an exhaustion of cell energy, a leakage of intracellular substances
or complete lysis [84,85]. Although higher temperatures allow a reduced volume of waste mass in
small reactors, making it more effective in minimizing lipids, and could accommodate higher loading
capacity, it also could result in lower biogas yield. This is due to the production of volatile gases such
as ammonia, which suppress methanogenic activities [86]. Therefore, it is suggested that different
temperature conditions are required to match with different substrates, due to the characteristics of
each substrate.

A thermophilic condition is recommended as favorable for the OFMSW. This finding has been
proven by Li, et al. [87] and Kim, et al. [29], who performed ACD of food waste OFMSW under a
thermophilic condition, and observed a better performance than conventional the mesophilic process
for methane production and digestion capability. Similarly, the study conducted by Lee, et al. [88]
showed that a thermophilic condition is more favorable compared to mesophilic and hyperthermophilic.
This may be the result of the slow adaptation of microorganism, which are likely to be degraded,
and release nutrients under a hyperthermophilic condition, leading to the overall inhibition of
methane production.

Likewise, a mesophilic condition is ideal for the ACD with crude glycerol. As the crude glycerol
has a high alkaline level at pH averaging 10.3, it is usually co-digested with acidic waste to form a
neutral pH. However, when the temperature increases, acetate is the first acid to increase. Subsequently,
the more acetate formed, the more the main part of VFA concentration constrains methanogenic
bacteria [89]. Various researchers, including Fountoulakis and Manios [90], Fountoulakis, et al. [38] and
Rivero, et al. [39], have also demonstrated a significantly higher increase in methane under mesophilic
with an average increase ranging from 115% to 176%, as reflected in Table 3.

As for co-digesting with agricultural waste (Table 4), most of the studies which can be found were
operating under mesophilic conditions [6]. It was demonstrated in some studies that a thermophilic
condition was beneficial for degradation of some agricultural plant residue waste such as maize [91],
rice straw and risk husk [92]. However, a mesophilic condition is a better option for ACD with manures
to overcome ammonia inhibition. According to Zeeman, et al. [93], ammonia increases with the increase
of pH and temperature. Hence, the thermophilic condition will result in a higher concentration of free
ammonia, which is regarded as an active component causing ammonia inhibition. This would result in
higher VFA concentration, which negatively affects the activity of methanogenic bacteria and, hence,
achieves a low methane yield.

On the other hand, ACD of FOG is more suitably treated under a mesophilic condition. A major
concern of FOG is primarily the harmful effect of long-chain fatty acids on methanogenic bacteria,
which coats the bacteria in a layer and constrains cell access to substrates, resulting in poor release of
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biogas [94–96]. Although the thermophilic condition allows the accessibility of lipids to microorganisms,
and their lipolytic enzymes caused by the increased diffusion coefficients and lipid solubility in aqueous
media, this has not been the case in recent studies. As evidenced in Table 5, Kabouris, et al. [70] showed
that a mesophilic condition could achieve a greater improvement at 198% of methane yield compared
to thermophilic at 169%. These results indicate that a thermophilic condition may increase nutrient
release, and thermophilic bacteria may be more sensitive to LCFA inhibition than mesophilic bacteria.
In addition, a thermophilic operation does not always offer sufficiently higher volatile solids reduction
to justify the cost associated with the increased energy for heating.

3.4. Organic Loading Rate (OLR) and Hydraulic Retention Time (HRT)

OLR, a crucial parameter, describes the amount of volatile solids to be fed into the digester
each day. Volatile solids signify the amount of organic solids that can be digested, while the remaining
solids are non-degradable. The optimum OLR and HRT often depend on the type of substrates fed into
the digester, since the substrates determine the activity level of biodegradation that will occur in the
digester. ACD with OFMSW or food waste is suitable for treatment at a low-range OLR < 2 gVS L−1d−1

with HRT of 25 days (Table 2). This is due to the considerably high COD concentration of the OFMSW
of food waste averaging 252,000 mg/L. Therefore, bacteria would need a longer time to degrade
the high-strength OFMSW, and not overfeed at the same time, which could form tension in ACD.
This recommendation has been verified by Babaee and Shayegan [97], who proposed that stable
performance was achieved under an OLR of 1.4 g VS/L.day with a HRT of 25 days. This finding is also
cohesive with the findings in Mata-Alvarez, et al. [98].

Similarly, it is advised to keep ACD with crude glycerol below an OLR 2 gVS L−1d−1 for VS with
similar HRT of 20–30 days as shown in Table 3. It is also important to add glycerin gradually to allow
bacteria to acclimatize to gain better results at increasing an OLR. Unlike the OFMSW and crude glycerol,
ACD of agricultural waste can accommodate a higher OLR of up to 2.35 gVS L−1d−1 with a HRT of
17 days [52] (Table 4). This is due to the lower COD concentration averaging 131,000 mg/L [99,100]
compared to crude glycerol. ACD with FOG, on the other hand, was found to be working effectively
under a high OLR up to 4 gVS L−1d−1 with a HRT of 16 days, as shown in Table 5. A higher OLR
could increase the carbon source in the treatment. However, an OLR higher than recommended may
cause damage to technical components such as mixers or pumps, or require earlier maintenance than
scheduled. Therefore, a HRT of 20–30 days could provide satisfactory co-digestion and stable biogas
production. This is to allow sufficient time for the introduction of digesting bacteria to break down
organic matter and to generate methane.

4. Summary and Challenges of ACD of Wastewater Sludge

Table 6 summarizes the findings from the review of utilizing OFMSW/FW, CG, AW and FOG as
the co-substrates for sewage sludge-anaerobic co-digestion. Note that the comparison shown uses the
recommended or widely-used OLR and HRT of 1−2.5 gVS L−1d−1 and 15−30 days, respectively, as the
criteria, which is the common operating condition of a WWTP. The mixing ratio, preferred temperature
mode, VS removal efficiency, and methane yield for each co-substrate are summarized. The ease and
effectiveness of integrating these co-substrates in the anaerobic co-digestion of sewage sludge are then
rated with the challenges outlined for future reference.
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Based on the above analysis (Table 6), though the highly abundant OFMSW/FW and AW are able to
improve VS removal and methane yield compared to SS mono-digestion alone, the costs associated with
solids management, and a separate source collection and segregation system to alleviate the operational
problems of the anaerobic digester would be increased [28]. And, while FOG is a potential co-substrate,
it requires pre-treatment and a sludge bed operational condition design to avoid operational problems
such as scum formation and biomass washout. A lifecycle assessment study by Tu [101] pointed out,
however, that waste FOG in the processing of biodiesel is a more effective option compared to using
it as an anaerobic co-substrate. Another approach known as dual-fuel can, nevertheless, be carried
out to separate the higher-grade layer of FOG for biodiesel production and the lower-grade layer of
FOG for anaerobic co-digestion [102,103]. Crude glycerol appears to be the best co-substrate candidate
for SS anaerobic co-digestion, as it has high anaerobic biodegradability, which is able to significantly
increase the OLR, while having minimal impact on the HRT [43]. Because it is in liquid form, crude
glycerol requires a lower investment, as it requires simple feed implementation, and has a low impact
on digestate solid management [39]. A typical anaerobic digester utilizes only 40−50% of the influent
organic matter to convert to methane. Based on the outcome of this review, a recommendation is
provided in Figure 1 that outlines a possible way of integrating anaerobic co-digestion using waste
crude glycerol or lower-grade FOG into a WWTP to boost the methane yield, and thus offset the
energy consumption.

Figure 1. A suggested scheme for integrating anaerobic co-digestion of sewage sludge into a WWTP.

5. Conclusions

This paper summarizes the recent research on the ACD of wastewater sludge such as sewage
sludge, waste activated sludge, and thickened waste activated sludge, with some potential co-substrates.
The review shows that ACD of wastewater sludge involving co-substrates of OFMSW/FW, crude
glycerol, agricultural waste, and FOG show potential in boosting biogas production and methane yield.
ACD can also reduce costs from shared equipment, create easier handling of feedstock, and create a
more stable process in general. The main challenges in ACD technology are process instability, which
is mainly due to inappropriate substrate ratios, and operating conditions. Therefore, the anaerobic
co-digestion system needs to be designed by considering the operating conditions such as a slow
mixing system and a mixture of waste with low and high C/N ratio at the right mixing ratio. It can be
concluded that out of these four potential co-substrates, crude glycerol at a mixing ratio of 0.5–1.2 vol%,
and lower-grade FOG at 5-50 VS% are the most feasible for integration into a WWTP, in terms of
VS removal, methane yield improvement, and operational and management costs. Future research
is required focusing on the optimization of the operating parameters, kinetic and thermodynamic
modeling, cost analysis, and lifecycle assessment to further evaluate its scale-up feasibility.



Processes 2020, 8, 39

Author Contributions: Conceptualization and writing, W.L.C.; review and editing, S.C. and T.J.T.; supervision,
Y.J.C. and M.F.C.; administration, G.-T.P.; funding acquisition, J.W.L. and J.K.C.

Funding: One of our authors, Jun Wei Lim, wishes to acknowledge the financial supports from the International
Grant awarded by Universitas Muhammadiyah Purwokerto with grant number 015ME0-094 and Ministry of
Education Malaysia under HICoE with grant number 015MA0-052.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chan, Y.J.; Chong, M.F.; Law, C.L. Performance and kinetic evaluation of an integrated anaerobic–aerobic
bioreactor in the treatment of palm oil mill effluent. Environ. Technol. 2017, 38, 1005–1021. [CrossRef]
[PubMed]

2. Musa, N.S.; Ahmad, W.A. Chemical oxygen demand reduction in industrial wastewater using locally isolated
bacteria. Malays. J. Fundam. Appl. Sci. 2010, 6. [CrossRef]

3. Braun, R.; Wellinger, A. Potential of Co-Digestion; IEA: Paris, France, 2002.
4. Mata-Alvarez, J.; Mace, S.; Llabres, P. Anaerobic digestion of organic solid wastes. An overview of research

achievements and perspectives. Bioresour. Technol. 2000, 74, 3–16. [CrossRef]
5. Long, J.H.; Aziz, T.N.; Francis III, L.; Ducoste, J.J. Anaerobic co-digestion of fat, oil, and grease (FOG):

A review of gas production and process limitations. Process Saf. Environ. Prot. 2012, 90, 231–245. [CrossRef]
6. Sawatdeenarunat, C.; Surendra, K.; Takara, D.; Oechsner, H.; Khanal, S.K. Anaerobic digestion of

lignocellulosic biomass: Challenges and opportunities. Bioresour. Technol. 2015, 178, 178–186. [CrossRef]
[PubMed]

7. Wan, C.; Zhou, Q.; Fu, G.; Li, Y. Semi-continuous anaerobic co-digestion of thickened waste activated sludge
and fat, oil and grease. Waste Manag. 2011, 31, 1752–1758. [CrossRef] [PubMed]

8. Astals, S.; Nolla-Ardèvol, V.; Mata-Alvarez, J. Anaerobic co-digestion of pig manure and crude glycerol at
mesophilic conditions: Biogas and digestate. Bioresour. Technol. 2012, 110, 63–70. [CrossRef] [PubMed]

9. Mao, C.; Feng, Y.; Wang, X.; Ren, G. Review on research achievements of biogas from anaerobic digestion.
Renew. Sustain. Energy Rev. 2015, 45, 540–555. [CrossRef]

10. Wu, C.; Li, Y.; Li, W.; Wang, K. Characterizing the distribution of organic matter during composting of
sewage sludge using a chemical and spectroscopic approach. RSC Adv. 2015, 5, 95960–95966. [CrossRef]

11. Hallaji, S.M.; Kuroshkarim, M.; Moussavi, S.P. Enhancing methane production using anaerobic co-digestion
of waste activated sludge with combined fruit waste and cheese whey. BMC Biotechnol. 2019, 19, 19.
[CrossRef]

12. Rabii, A.; Aldin, S.; Dahman, Y.; Elbeshbishy, E. A review on anaerobic co-digestion with a focus on the
microbial populations and the effect of multi-stage digester configuration. Energies 2019, 12, 1106. [CrossRef]

13. Campuzano, R.; González-Martínez, S. Characteristics of the organic fraction of municipal solid waste and
methane production: A review. Waste Manag. 2016, 54, 3–12. [CrossRef] [PubMed]

14. Dai, X.; Duan, N.; Dong, B.; Dai, L. High-solids anaerobic co-digestion of sewage sludge and food waste in
comparison with mono digestions: Stability and performance. Waste Manag. 2013, 33, 308–316. [CrossRef]

15. Chow, W.L.; Chan, Y.J.; Chong, M.F. A new energy source from the anaerobic co-digestion (acd) treatment of
oleo chemical effluent with glycerin pitch. Asia Pac. J. Chem. Eng. 2015, 10, 556–564. [CrossRef]

16. EPA. Municipal Solid Waste; United States Environmental Protection Agency (EPA): Washington, DC,
USA, 1996.

17. Paritosh, K.; Yadav, M.; Mathur, S.; Balan, V.; Liao, W.; Pareek, N.; Vivekanand, V. Organic fraction of
municipal solid waste: Overview of treatment methodologies to enhance anaerobic biodegradability. Front.
Energy Res. 2018, 6, 75. [CrossRef]

18. Cheng, J.Y.; Chiu, S.L.; Lo, I.M. Effects of moisture content of food waste on residue separation, larval growth
and larval survival in black soldier fly bioconversion. Waste Manag. 2017, 67, 315–323. [CrossRef] [PubMed]

19. Cabbai, V.; Ballico, M.; Aneggi, E.; Goi, D. BMP tests of source selected OFMSW to evaluate anaerobic
codigestion with sewage sludge. Waste Manag. 2013, 33, 1626–1632. [CrossRef] [PubMed]

20. Appels, L.; Baeyens, J.; Degrève, J.; Dewil, R. Principles and potential of the anaerobic digestion of
waste-activated sludge. Prog. Energy Combust. Sci. 2008, 34, 755–781. [CrossRef]



Processes 2020, 8, 39

21. Duan, N.; Dong, B.; Wu, B.; Dai, X. High-solid anaerobic digestion of sewage sludge under mesophilic
conditions: Feasibility study. Bioresour. Technol. 2012, 104, 150–156. [CrossRef]

22. Mendez, R.; Lema, J.M.; Soto, M. Treatment of seafood-processing wastewaters in mesophilic and thermophilic
anaerobic filters. Water Environ. Res. 1995, 67, 33–45. [CrossRef]

23. Silvestre, G.; Fernández, B.; Bonmatí, A. Addition of crude glycerine as strategy to balance the C/N ratio on
sewage sludge thermophilic and mesophilic anaerobic co-digestion. Bioresour. Technol. 2015, 193, 377–385.
[CrossRef] [PubMed]

24. Cavinato, C.; Bolzonella, D.; Pavan, P.; Fatone, F.; Cecchi, F. Mesophilic and thermophilic anaerobic
co-digestion of waste activated sludge and source sorted biowaste in pilot-and full-scale reactors.
Renew. Energy 2013, 55, 260–265. [CrossRef]

25. Al bkoor Alrawashdeh, K.; Pugliese, A.; Slopiecka, K.; Pistolesi, V.; Massoli, S.; Bartocci, P.; Bidini, G.;
Fantozzi, F. Codigestion of untreated and treated sewage sludge with the organic fraction of municipal solid
wastes. Fermentation 2017, 3, 35. [CrossRef]

26. Macias-Corral, M.; Samani, Z.; Hanson, A.; Smith, G.; Funk, P.; Yu, H.; Longworth, J. Anaerobic digestion
of municipal solid waste and agricultural waste and the effect of co-digestion with dairy cow manure.
Bioresour. Technol. 2008, 99, 8288–8293. [CrossRef] [PubMed]

27. Li, J.; Jha, A.K.; He, J.; Ban, Q.; Chang, S.; Wang, P. Assessment of the effects of dry anaerobic co-digestion of
cow dung with waste water sludge on biogas yield and biodegradability. Int. J. Phys. Sci. 2011, 6, 3679–3688.

28. Silvestre, G.; Bonmatí, A.; Fernández, B. Optimisation of sewage sludge anaerobic digestion through
co-digestion with OFMSW: Effect of collection system and particle size. Waste Manag. 2015, 43, 137–143.
[CrossRef]

29. Kim, H.-W.; Nam, J.-Y.; Shin, H.-S. A comparison study on the high-rate co-digestion of sewage sludge and
food waste using a temperature-phased anaerobic sequencing batch reactor system. Bioresour. Technol. 2011,
102, 7272–7279. [CrossRef]

30. Di Maria, F.; Micale, C.; Contini, S. Energetic and environmental sustainability of the co-digestion of sludge
with bio-waste in a life cycle perspective. Appl. Energy 2016, 171, 67–76. [CrossRef]

31. Ma, J.; Van Wambeke, M.; Carballa, M.; Verstraete, W. Improvement of the anaerobic treatment of potato
processing wastewater in a UASB reactor by co-digestion with glycerol. Biotechnol. Lett. 2008, 30, 861–867.
[CrossRef]

32. Astals, S.; Nolla-Ardèvol, V.; Mata-Alvarez, J. Thermophilic co-digestion of pig manure and crude glycerol:
Process performance and digestate stability. J. Biotechnol. 2013, 166, 97–104. [CrossRef]

33. Knothe, G.; Krahl, J.; Gerpen, J.V. The Biodiesel Handbook, 2nd ed.; AOCS Press: Urbana, IL, USA, 2010.
34. Anuar, M.R.; Abdullah, A.Z. Challenges in biodiesel industry with regards to feedstock, environmental,

social and sustainability issues: A critical review. Renew. Sustain. Energy Rev. 2016, 58, 208–223. [CrossRef]
35. Monteiro, M.R.; Kugelmeier, C.L.; Pinheiro, R.S.; Batalha, M.O.; da Silva César, A. Glycerol from biodiesel

production: Technological paths for sustainability. Renew. Sustain. Energy Rev. 2018, 88, 109–122. [CrossRef]
36. Pinheiro, R.S. Processos de Inovação Tecnológica Para a Glicerina Produzida no Processo de Obtenção de Biodiesel no

Brasil; Universidade Federal de Sao Carlos: Sao Carlos, Brazil, 2011.
37. Aguilar-Aguilar, F.A.; Nelson, D.L.; Pantoja, L.d.A.; Santos, A. Study of anaerobic co-digestion of crude

glycerol and swine manure for the production of biogas. Rev. Virtual Quim 2017, 9, 2383–2403. [CrossRef]
38. Fountoulakis, M.; Petousi, I.; Manios, T. Co-digestion of sewage sludge with glycerol to boost biogas

production. Waste Manag. 2010, 30, 1849–1853. [CrossRef] [PubMed]
39. Rivero, M.; Solera, R.; Perez, M. Anaerobic mesophilic co-digestion of sewage sludge with glycerol: Enhanced

biohydrogen production. Int. J. Hydrog. Energy 2014, 39, 2481–2488. [CrossRef]
40. Dos Santos Ferreira, J.; Volschan, I.; Cammarota, M.C. Co-digestion of sewage sludge with crude or pretreated

glycerol to increase biogas production. Environ. Sci. Pollut. Res. 2018, 25, 21811–21821. [CrossRef] [PubMed]
41. Razaviarani, V.; Buchanan, I.D.; Malik, S.; Katalambula, H. Pilot scale anaerobic co-digestion of municipal

wastewater sludge with biodiesel waste glycerin. Bioresour. Technol. 2013, 133, 206–212. [CrossRef] [PubMed]
42. Nartker, S.; Ammerman, M.; Aurandt, J.; Stogsdil, M.; Hayden, O.; Antle, C. Increasing biogas production

from sewage sludge anaerobic co-digestion process by adding crude glycerol from biodiesel industry.
Waste Manag. 2014, 34, 2567–2571. [CrossRef] [PubMed]



Processes 2020, 8, 39

43. Jensen, P.; Astals, S.; Lu, Y.; Devadas, M.; Batstone, D. Anaerobic codigestion of sewage sludge and glycerol,
focusing on process kinetics, microbial dynamics and sludge dewaterability. Water Res. 2014, 67, 355–366.
[CrossRef]

44. Obi, F.; Ugwuishiwu, B.; Nwakaire, J. Agricultural waste concept, generation, utilization and management.
Niger. J. Technol. 2016, 35, 957–964. [CrossRef]

45. MacLellan, J.; Chen, R.; Kraemer, R.; Zhong, Y.; Liu, Y.; Liao, W. Anaerobic treatment of lignocellulosic
material to co-produce methane and digested fiber for ethanol biorefining. Bioresour. Technol. 2013, 130,
418–423. [CrossRef] [PubMed]

46. Yue, Z.; Teater, C.; MacLellan, J.; Liu, Y.; Liao, W. Development of a new bioethanol feedstock–anaerobically
digested fiber from confined dairy operations using different digestion configurations. Biomass Bioenergy
2011, 35, 1946–1953. [CrossRef]

47. Nayal, F.S.; Mammadov, A.; Ciliz, N. Environmental assessment of energy generation from agricultural and
farm waste through anaerobic digestion. J. Environ. Manag. 2016, 184, 389–399. [CrossRef] [PubMed]

48. Xie, S.; Wickham, R.; Nghiem, L.D. Synergistic effect from anaerobic co-digestion of sewage sludge and
organic wastes. Int. Biodeterior. Biodegrad. 2017, 116, 191–197. [CrossRef]

49. Maragkaki, A.; Fountoulakis, M.; Gypakis, A.; Kyriakou, A.; Lasaridi, K.; Manios, T. Pilot-scale anaerobic
co-digestion of sewage sludge with agro-industrial by-products for increased biogas production of existing
digesters at wastewater treatment plants. Waste Manag. 2017, 59, 362–370. [CrossRef] [PubMed]

50. Maragkaki, A.; Fountoulakis, M.; Kyriakou, A.; Lasaridi, K.; Manios, T. Boosting biogas production from
sewage sludge by adding small amount of agro-industrial by-products and food waste residues. Waste Manag.
2018, 71, 605–611. [CrossRef] [PubMed]

51. Alagöz, B.A.; Yenigün, O.; Erdinçler, A. Ultrasound assisted biogas production from co-digestion of
wastewater sludges and agricultural wastes: Comparison with microwave pre-treatment. Ultrason. Sonochem.
2018, 40, 193–200. [CrossRef]

52. Szaja, A.; Montusiewicz, A. Enhancing the co-digestion efficiency of sewage sludge and cheese whey using
brewery spent grain as an additional substrate. Bioresour. Technol. 2019, 291, 121863. [CrossRef]

53. Montañés, R.; Pérez, M.; Solera, R. Mesophilic anaerobic co-digestion of sewage sludge and a lixiviation
of sugar beet pulp: Optimisation of the semi-continuous process. Bioresour. Technol. 2013, 142, 655–662.
[CrossRef]

54. Alagöz, B.A.; Yenigün, O.; Erdinçler, A. Enhancement of anaerobic digestion efficiency of wastewater
sludge and olive waste: Synergistic effect of co-digestion and ultrasonic/microwave sludge pre-treatment.
Waste Manag. 2015, 46, 182–188. [CrossRef]

55. Salama, E.-S.; Saha, S.; Kurade, M.B.; Dev, S.; Chang, S.W.; Jeon, B.-H. Recent trends in anaerobic co-digestion:
Fat, oil, and grease (FOG) for enhanced biomethanation. Prog. Energy Combust. Sci. 2019, 70, 22–42.
[CrossRef]

56. Fonda, K.D.; Hetherington, M.; Kawamoto, M.H. Dealing with FOG: A problem or an opportunity. Proc. Water
Environ. Fed. 2003, 2003, 654–678. [CrossRef]

57. Kabouris, J.C.; Tezel, U.; Pavlostathis, S.G.; Engelmann, M.; Todd, A.C.; Gillette, R.A. The anaerobic
biodegradability of municipal sludge and fat, oil, and grease at mesophilic conditions. Water Environ. Res.
2008, 80, 212–221. [CrossRef] [PubMed]

58. Masse, L.; Masse, D.; Kennedy, K.; Chou, S. Neutral fat hydrolysis and long-chain fatty acid oxidation during
anaerobic digestion of slaughterhouse wastewater. Biotechnol. Bioeng. 2002, 79, 43–52. [CrossRef] [PubMed]

59. Cavaleiro, A.J.; Salvador, A.F.; Alves, J.I.; Alves, M. Continuous high rate anaerobic treatment of oleic
acid based wastewater is possible after a step feeding start-up. Environ. Sci. Technol. 2009, 43, 2931–2936.
[CrossRef] [PubMed]

60. Madigan, M.T.; Martinko, J.M.; Parker, J.; Brock, T.D. Brock Biology of Microorganisms, 11th ed.; Prentice Hall:
Upper Saddle River, NJ, USA, 2006.

61. Pavlostathis, S.; Giraldo-Gomez, E. Kinetics of anaerobic treatment: A critical review. Crit. Rev. Environ.
Sci. Technol. 1991, 21, 411–490. [CrossRef]

62. Canakci, M.; Van Gerpen, J. Biodiesel production from oils and fats with high free fatty acids. Trans. ASAE
2001, 44, 1429. [CrossRef]

63. Jeganathan, J.; Nakhla, G.; Bassi, A. Long-term performance of high-rate anaerobic reactors for the treatment
of oily wastewater. Environ. Sci. Technol. 2006, 40, 6466–6472. [CrossRef]



Processes 2020, 8, 39

64. Luostarinen, S.; Luste, S.; Sillanpää, M. Increased biogas production at wastewater treatment plants through
co-digestion of sewage sludge with grease trap sludge from a meat processing plant. Bioresour. Technol. 2009,
100, 79–85. [CrossRef]

65. Girault, R.; Bridoux, G.; Nauleau, F.; Poullain, C.; Buffet, J.; Peu, P.; Sadowski, A.; Béline, F. Anaerobic
co-digestion of waste activated sludge and greasy sludge from flotation process: Batch versus CSTR
experiments to investigate optimal design. Bioresour. Technol. 2012, 105, 1–8. [CrossRef]

66. Pereira, M.; Pires, O.; Mota, M.; Alves, M. Anaerobic biodegradation of oleic and palmitic acids: Evidence
of mass transfer limitations caused by long chain fatty acid accumulation onto the anaerobic sludge.
Biotechnol. Bioeng. 2005, 92, 15–23. [CrossRef]

67. Rinzema, A. Anaerobic Treatment of Wastewater with High Concentrations of Lipids or Sulfate; Staff: Wageningen,
The Netherlands, 1988.

68. Kuang, Y. Enhancing Anaerobic Degradation of Lipids in Wastewater by Addition of Co-Substrate; Murdoch
University: Perth, Australia, 2002.

69. Davidsson, Å.; Lövstedt, C.; la Cour Jansen, J.; Gruvberger, C.; Aspegren, H. Co-digestion of grease trap
sludge and sewage sludge. Waste Manag. 2008, 28, 986–992. [CrossRef]

70. Kabouris, J.C.; Tezel, U.; Pavlostathis, S.G.; Engelmann, M.; Dulaney, J.A.; Todd, A.C.; Gillette, R.A. Mesophilic
and thermophilic anaerobic digestion of municipal sludge and fat, oil, and grease. Water Environ. Res. 2009,
81, 476–485. [CrossRef]

71. Silvestre, G.; Rodríguez-Abalde, A.; Fernández, B.; Flotats, X.; Bonmatí, A. Biomass adaptation over anaerobic
co-digestion of sewage sludge and trapped grease waste. Bioresour. Technol. 2011, 102, 6830–6836. [CrossRef]

72. Silvestre, G.; Illa, J.; Fernández, B.; Bonmatí, A. Thermophilic anaerobic co-digestion of sewage sludge with
grease waste: Effect of long chain fatty acids in the methane yield and its dewatering properties. Appl. Energy
2014, 117, 87–94. [CrossRef]

73. Alqaralleh, R.M.; Kennedy, K.; Delatolla, R.; Sartaj, M. Thermophilic and hyper-thermophilic co-digestion of
waste activated sludge and fat, oil and grease: Evaluating and modeling methane production. J. Environ.
Manag. 2016, 183, 551–561. [CrossRef]

74. Grady, C.L., Jr.; Daigger, G.T.; Love, N.G.; Filipe, C.D. Biological Wastewater Treatment, 3rd ed.; CRC Press:
Boca Raton, FL, USA, 2011.

75. Stafford, D. The effects of mixing and volatile fatty acid concentrations on anaerobic digester performance.
Biomass 1982, 2, 43–55. [CrossRef]

76. Karim, K.; Hoffmann, R.; Klasson, K.T.; Al-Dahhan, M. Anaerobic digestion of animal waste: Effect of mode
of mixing. Water Res. 2005, 39, 3597–3606. [CrossRef]

77. Rizk, M.C.; Bergamasco, R.; Tavares, C.R.G. Anaerobic co-digestion of fruit and vegetable waste and sewage
sludge. Int. J. Chem. React. Eng. 2007, 5. [CrossRef]

78. Stroot, P.G.; McMahon, K.D.; Mackie, R.I.; Raskin, L. Anaerobic codigestion of municipal solid waste
and biosolids under various mixing conditions—I. Digester performance. Water Res. 2001, 35, 1804–1816.
[CrossRef]

79. Latha, K.; Velraj, R.; Shanmugam, P.; Sivanesan, S. Mixing strategies of high solids anaerobic co-digestion
using food waste with sewage sludge for enhanced biogas production. J. Clean. Prod. 2019, 210, 388–400.
[CrossRef]

80. Wang, M.; Sun, X.; Li, P.; Yin, L.; Liu, D.; Zhang, Y.; Li, W.; Zheng, G. A novel alternate feeding mode for
semi-continuous anaerobic co-digestion of food waste with chicken manure. Bioresour. Technol. 2014, 164,
309–314. [CrossRef]

81. Mahmoodi-Eshkaftaki, M.; Ebrahimi, R. Assess a new strategy and develop a new mixer to improve anaerobic
microbial activities and clean biogas production. J. Clean. Prod. 2019, 206, 797–807. [CrossRef]

82. Monnet, F. An introduction to anaerobic digestion of organic wastes. Remade Scotl. 2003, 379, 1–48.
83. Heo, N.H.; Park, S.C.; Kang, H. Effects of mixture ratio and hydraulic retention time on single-stage anaerobic

co-digestion of food waste and waste activated sludge. J. Environ. Sci. Health Part A 2004, 39, 1739–1756.
[CrossRef]

84. Hagos, K.; Zong, J.; Li, D.; Liu, C.; Lu, X. Anaerobic co-digestion process for biogas production: Progress,
challenges and perspectives. Renew. Sustain. Energy Rev. 2017, 76, 1485–1496. [CrossRef]

85. Siddique, M.N.I.; Wahid, Z.A. Achievements and perspectives of anaerobic co-digestion: A review. J. Clean.
Prod. 2018, 194, 359–371. [CrossRef]



Processes 2020, 8, 39

86. Khalid, A.; Arshad, M.; Anjum, M.; Mahmood, T.; Dawson, L. The anaerobic digestion of solid organic waste.
Waste Manag. 2011, 31, 1737–1744. [CrossRef]

87. Li, Y.; Sasaki, H.; Yamashita, K.; Seki, K.; Kamigochi, I. High-rate methane fermentation of lipid-rich food
wastes by a high-solids co-digestion process. Water Sci. Technol. 2002, 45, 143–150. [CrossRef]

88. Lee, M.; Hidaka, T.; Hagiwara, W.; Tsuno, H. Comparative performance and microbial diversity of
hyperthermophilic and thermophilic co-digestion of kitchen garbage and excess sludge. Bioresour. Technol.
2009, 100, 578–585. [CrossRef]

89. Hansen, K.H.; Angelidaki, I.; Ahring, B.K. Anaerobic digestion of swine manure: Inhibition by ammonia.
Water Res. 1998, 32, 5–12. [CrossRef]

90. Fountoulakis, M.; Manios, T. Enhanced methane and hydrogen production from municipal solid waste
and agro-industrial by-products co-digested with crude glycerol. Bioresour. Technol. 2009, 100, 3043–3047.
[CrossRef]

91. Vindis, P.; Mursec, B.; Janzekovic, M.; Cus, F. The impact of mesophilic and thermophilic anaerobic digestion
on biogas production. J. Achiev. Mater. Manuf. Eng. 2009, 36, 192–198.

92. Ghatak, M.; Mahanata, P. Effect of Temperature on Biogas Production from Rice Straw and Rice Husk. In IOP
Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2018.

93. Zeeman, G.; Wiegant, W.; Koster-Treffers, M.; Lettinga, G. The influence of the total-ammonia concentration
on the thermophilic digestion of cow manure. Agric. Wastes 1985, 14, 19–35. [CrossRef]

94. Hanaki, K.; Matsuo, T.; Nagase, M. Mechanism of inhibition caused by long-chain fatty acids in anaerobic
digestion process. Biotechnol. Bioeng. 1981, 23, 1591–1610. [CrossRef]

95. Hwu, C.-S.; Lettinga, G. Acute toxicity of oleate to acetate-utilizing methanogens in mesophilic and
thermophilic anaerobic sludges. Enzym. Microb. Technol. 1997, 21, 297–301. [CrossRef]

96. Kim, S.-H.; Han, S.-K.; Shin, H.-S. Feasibility of biohydrogen production by anaerobic co-digestion of food
waste and sewage sludge. Int. J. Hydrog. Energy 2004, 29, 1607–1616. [CrossRef]

97. Babaee, A.; Shayegan, J. Effect of organic loading rates (OLR) on production of methane from anaerobic
digestion of vegetables waste. In Proceedings of the World Renewable Energy Congress-Sweden, Linkoping,
Sweden, 8–13 May 2011; pp. 411–417.

98. Mata-Alvarez, J.; Llabrés, P.; Cecchi, F.; Pavan, P. Anaerobic digestion of the Barcelona central food market
organic wastes: Experimental study. Bioresour. Technol. 1992, 39, 39–48. [CrossRef]

99. Ford, M.; Fleming, R. Mechanical solid-liquid separation of livestock manure. Literature review. In Report to
Ontario Pork, Case Study; University of Guelph: Ridgetown, ON, Canada, 2002.

100. Massé, D.; Croteau, F.; Masse, L. The fate of crop nutrients during digestion of swine manure in psychrophilic
anaerobic sequencing batch reactors. Bioresour. Technol. 2007, 98, 2819–2823. [CrossRef]

101. Tu, Q. Fats, Oils and Greases to Biodiesel: Technology Development and Sustainability Assessment; University of
Cincinnati: Cincinnati, OH, USA, 2015.

102. Tu, Q.; McDonnell, B.E. Monte Carlo analysis of life cycle energy consumption and greenhouse gas (GHG)
emission for biodiesel production from trap grease. J. Clean. Prod. 2016, 112, 2674–2683. [CrossRef]

103. Wallace, T.; Gibbons, D.; O’Dwyer, M.; Curran, T.P. International evolution of fat, oil and grease (FOG) waste
management–A review. J. Environ. Manag. 2017, 187, 424–435. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).





processes

Review

Sustainable Waste-to-Energy Development in
Malaysia: Appraisal of Environmental, Financial, and
Public Issues Related with Energy Recovery from
Municipal Solid Waste

Zi Jun Yong 1,2, Mohammed J.K. Bashir 1,*, Choon Aun Ng 1, Sumathi Sethupathi 1,

Jun Wei Lim 3 and Pau Loke Show 4

1 Department of Environmental Engineering, Faculty of Engineering and Green Technology (FEGT),
Universiti Tunku Abdul Rahman, Kampar 31900, Perak, Malaysia; 930805tree@gmail.com (Z.J.Y.);
ngca@utar.edu.my (C.A.N.); sumathi@utar.edu.my (S.S.)

2 Centre for Global Sustainability Studies (CGSS), Institute of Postgraduate Studies, Universiti Sains Malaysia,
Penang 11800, Malaysia

3 Department of Fundamental and Applied Sciences, Centre for Biofuel and Biochemical Research, Institute of
Self-Sustainable Building, Universiti Teknologi PETRONAS,
Seri Iskandar 32610, Perak Darul Ridzuan, Malaysia; junwei.lim@utp.edu.my

4 Department of Chemical and Environmental Engineering, Faculty of Science and Engineering, University of
Nottingham Malaysia, Jalan Broga, Semenyih 43500, Selangor, Malaysia;
PauLoke.Show@nottingham.edu.my

* Correspondence: jkbashir@utar.edu.my; Tel.: +605-468-8888 (ext. 4559); Fax: +605-466-7449

Received: 16 July 2019; Accepted: 22 August 2019; Published: 1 October 2019

Abstract: As Malaysia is a fast-developing country, its prospects of sustainable energy generation are
at the center of debate. Malaysian municipal solid waste (MSW) is projected to have a 3.3% increase in
annual generation rate at the same time an increase of 3.3% for electricity demand. In Malaysia, most
of the landfills are open dumpsite and 89% of the collected MSW end up in landfills. Furthermore,
huge attention is being focused on converting MSW into energy due to the enormous amount of
daily MSW being generated. Sanitary landfill to capture methane from waste landfill gas (LFG) and
incineration in a combined heat and power plant (CHP) are common MSW-to-energy technologies in
Malaysia. MSW in Malaysia contains 45% organic fraction thus landfill contributes as a potential
LFG source. Waste-to-energy (WTE) technologies in treating MSW potentially provide an attractive
economic investment since its feedstock (MSW) is collected almost for free. At present, there are
considerable issues in WTE technologies although the technology employing MSW as feedstock are
well established, for instance the fluctuation of MSW composition and the complexity in treatment
facilities with its pollutant emissions. Thus, this study discusses various WTE technologies in Malaysia
by considering the energy potentials from all existing incineration plants and landfill sites as an
effective MSW management in Malaysia. Furthermore, to promote local innovation and technology
development and to ensure successful long-term sustainable economic viability, social inclusiveness,
and environmental sustainability in Malaysia, the four faculties of sustainable development namely
technical, economic, environmental, and social issues affiliated with MSW-to-Energy technologies
were compared and evaluated.

Keywords: Malaysia; Municipal Solid Waste (MSW); Waste-to-Energy (WTE); sustainability; technical;
economic; environmental; social
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1. Introduction

The aim of this paper is to provide readers with a better picture on the current environmental and
energy issues arising from the continuous municipal solid waste (MSW) generation and economic
development in Malaysia. The paper addresses how MSW-to-energy can play an important role in
achieving the United Nation’s sustainable development goals (UN-SDGs) and showcases the available
MSW-to-energy plants in Malaysia. Moreover, a holistic analysis involving the four faculties in
sustainable development, namely technical, economic, environmental, and social, together with the
SWOT (strength, weakness, opportunity, and threat) analysis is discussed to select the most appropriate
waste-to-energy (WTE) technology for ensuring long-term sustainability of WTE implementation and
waste management practices in Malaysia can be achieved.

As the population increases, the need for more material and energy consumption increases.
This contributes significantly to the amount of anthropogenic municipal solid waste (MSW) generation
and greenhouse gases (GHGs) emissions resulting from electricity production to support the
ever-increasing services needed by the growing population. Malaysia, as an emerging developing
country, is currently facing the dilemma of MSW management with increasing GHGs especially
methane gas resulting from the degradation of organic waste within landfills and the need for
more energy (electricity) and material consumption to support the growing Malaysian population.
Currently, the Malaysia’s average solid waste generation per capita is 1.17 kg/day [1]. Major cities
contribute toward higher waste generation per capita due to mass consumption and higher purchasing
power. For instance, the capital of Malaysia, Kuala Lumpur, has an average generation rate of
1.35 kg/person/day and Penang has waste generation rate ranging from 1.5 to 1.8 kg/person/day [1,2].
The carbon dioxide (CO2) emission per capita in Malaysia has increased from 5.42 metric tons in 2000
to 8.53 metric tons (MT) in 2016 which had an increase of 57.38% as shown in Figure 1; while the final
electricity consumption combining agriculture, commercial, transport, industry, and residential in 2016
was 12,392 kilo-ton oil equivalent (ktoe)/person/year, which had increased 70.43% from the level in
2006 at 7271 ktoe/person/year as indicated in Figure 2. At present, the total solid waste generation
in Malaysia is 33,130 tonnes per day, and is expected to increase further to 49,670 tonnes per day by
2030 [1]. The energy demand is expected to increase by 4.7% and there is an average annual growth of
8.1% in the final electricity consumption which will eventually contribute to more GHG emissions if
the energy sector in Malaysia is still largely dependent on fossil fuel resources, namely diesel, coal, and
natural gas for electricity generation [3]. Hence there is an urgent need to resolve multiple issues and
dilemmas towards a more sustainable waste management, lowering per capita CO2 emissions and
clean energy production in Malaysia.

 

Figure 1. The increasing trend of CO2 emissions per capita in Malaysia from 2000 to 2016 [4].
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A total of 89% of the Malaysian MSW generated directly enter into landfills with minimal treatment,
where only 1% of the total incoming MSW receive proper treatment [1]. In Malaysia, 50% of landfills
are open dumping sites; 30% use-controlled tipping; 12% are controlled landfills with daily cover; 5%
are sanitary landfills without leachate treatment facility; and the other 5% are sanitary landfills with
leachate treatment. Within the coming 10 years (by 2030), over 80% of the Malaysian open dumping
landfill sites are to be shut down due to reaching full capacity. The major MSW fractions generated
in Malaysia are 45% organic material, 13% plastics, 12% diapers, 9% paper, 3% glass, 3% metal and
others [1,5]. Figure 3 shows the composition of solid waste in Malaysia. It can be concluded that
organic waste represents the largest portion of the total solid waste produced by Malaysians therefore
making landfills a potential source of landfill gas (LFG) [6]. Nevertheless, decommissioning a landfill
involves the process of obtaining other lands and is an environmentally challenging process. This will
make land scarcer in the future. Employing MSW to energy can solve two problems at once, namely
the demand for more energy and the continuous increase in MSW generation. Hence, waste is no
longer an undesired product from the society but a new resource by treating non-recyclables and
non-reusables from MSW to generate a substantial amount of energy for urban use while preserving
scarce lands [7].

 
Figure 2. Final electricity consumption, kilo-tonne oil equivalent (ktoe) in Malaysia [8].

 
Figure 3. Malaysian waste fraction [8].
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Malaysian electricity generation is still largely dependent on fossil fuel-based resources for which
accounts for 77.27% or 23,518.10 MW installed capacity source from natural gas, coal, and diesel/Marine
Fuel Oil (MFO) while large-hydro power contributes 18.78% or 5716.10 MW. Only a small fraction
of 3.96% or 1205.20 MW are from renewable energy (RE) resources by excluding large-hydro namely
biomass, biogas, solar, and geothermal as indicated in Figure 4.

Furthermore, the renewable energy installed capacity via the Feed-in Tariff (FiT) mechanism
scheme, which only applies in Peninsular and Sabah set by the Sustainable Energy Development
Authority (SEDA) Malaysia, is relatively low compared to other neighboring countries in terms of
installed capacity as shown in Figure 5. According to Joshi [9], in 2015 the renewable energy installed
capacity (excluding Sarawak) in Malaysia totaled 446 MW which has a short-fall of 45% of the aim to
achieve 975 MW of RE targets in 2015 laid out in the Malaysian National Renewable Energy Policy and
Action Plan (NREPAP). Within the same year, the electricity produced from renewable energy resources
which is being fed into the electricity grid is well under 3%. At present, the total commissioned
renewable energy installations as of the end of March 2019 in Malaysia is 604.44 MW which is still
lower than the target fixed in 2015 [10].

 
Figure 4. The percentage, %, of share in installed capacity of energy resources in the production of
electricity [11].

For instance, the Feed-in Tariff renewables installed capacity as of 2017 in Malaysia totaled 528.06
MW [10] while in Vietnam is 2569 MW; Indonesia is 3833 MW, and Thailand is 6766 MW [12].

Lastly, this study investigates the key technical, economic, environmental, and social issues
within Malaysia while realizing various WTE technologies. The opportunities and challenges in the
implementation of MSW-to-energy are considered.
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Figure 5. The renewable energy installed capacity in Mega-Watts (MW) of five Southeast Asia countries
as of 31 March 2017 [12].

2. Municipal Solid Waste (MSW)-to-Energy in Malaysia

The government of Malaysia has included “waste minimization”, “promotion of reuse”,
“developing a recycling-oriented”, and “implementation of pilot projects for recycling” as some
of its main policy goals, starting from the 8th Malaysian Plan. The continuation of waste reduction,
recycling, reuse, and recovery with the focus of greater use of environmentally friendly products
were emphasized in the 9th Malaysia Plan (2006–2010). Consequently, the National Solid Waste
Management Department was established under the Ministry of Housing and Local Government [13].
Meanwhile, a new bill has been developed to implement the new Solid Waste and Public Cleansing
Management Corporation Act 2007 (SWPCMC Act 2007) [14] which later in 2011 was followed by the
enforcement and restructuring of the SWM Act [15]. This act also provides executive power to the
Federal Government to implement municipal solid waste management and public cleansing activities
throughout Peninsula Malaysia, Federal Territories of Putrajaya, and Labuan. Various small-scale
technologies to recover material and energy from waste including composting, recycling, and burning
have been identified and utilized for municipal solid waste management. Malaysia, like any other
developing countries, is concerned about the increasing need for more energy to sustain the continuous
economic and industry development. In search for a more holistic waste management at the same
time towards the need for renewable energy, the government of Malaysia proposes the utilization of
waste-to-energy technologies to recover energy from municipal solid waste [16]. This makes municipal
solid waste as a new form of renewable source for energy production. WTE technology is an energy
recovery process that converts chemicals from waste residues into practical forms of usable energy like
electricity, heat, or steam. In general, Figure 6 shows the three main routes of MSW to energy recovery,
namely bio-chemical, thermo-chemical, and mechanical-chemical.
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Figure 6. The various routes of waste-to-energy (WTE) treatment available [17].

The aim of WTE technology is to minimize the solid waste volume to be disposed into existing
landfills despite the many differences of WTE technologies that are available in today’s market.
The WTE process can reduce the solid waste biodegradable fraction to zero, while at the same time
generates valuable electricity and heat from non-recyclable waste. The major classifications of WTE
technology are biological and thermal. Pyrolysis, plasma gasification, or gasification and combustion
are a few examples of thermal treatment of waste where the waste is subjected to high temperatures
with varying oxygen concentrations. Anaerobic digestion (AD) and microbial fuel-cell are examples of
biological treatment of waste. Anaerobic digestion is normally used to recover energy to both forms
of electricity and heat. Furthermore, anaerobic digestion produces nutrient rich fertilizer in the form
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of digestate from the wet and biodegradable waste streams (food and kitchen waste, sludge from
wastewater treatment plants, manure from live-stock farming, high-energy yield crop from agricultural
waste, and farm slurry). In addition, WTE involves the conversion of landfill gas (LFG) into energy
through landfill technologies [18]. WTE technology is also one of many potential alternatives which
can produce electricity from RE resources from the utilization of re-cycling potential of the degradable
organic waste portion from various sources like household, commercial, and industrial and municipal
wastewater treatment plants. Furthermore, energy extraction from waste can simultaneously increase
the life-span of existing landfills and reduce the emissions of GHGs into the atmosphere as the energy
produced from waste is a potential replacement to the equivalent sum of energy produced from
fossil fuel resources. WTE technologies were established in consideration of the push towards a
more sustainable and clean solid waste management together with the need for sustainable energy
development. In Malaysia, the degradation of organic waste within landfill to produce biogas via
LFG, incineration, and co-incineration of mixed MSW are present in converting waste into energy.
In Malaysia, the idea of WTE resulted in the construction of an incineration plant at Langkawi and the
establishment of biogas power plants within Peninsular Malaysia to convert MSW to electricity [16].
At the moment, Malaysia has four mini incinerators under various stages of implementation in
Langkawi, Tioman, and Pangkor Island plus one in Cameron Highlands and one WTE plant located at
the central region. Recently in 2018 within the 10th Malaysia Plan timeframe, another WTE plant is
to be built and completed in Negeri Sembilan [19]. Energy can be recovered from MSW in Malaysia
through one of the three ways in WTE treatment namely thermal, biological, and landfilling via LFG.

2.1. Complementing the United Nations Sustainable Development Goals (SDGs)

The implementation of WTE technologies and strategies contribute significantly in reducing
total waste volume entering landfills, increasing the lifespan of existing landfills, and offsetting large
repercussions associated with the burning of fossil fuels to generate electricity. This enables Malaysia
to play a positive role internationally in offsetting the world’s carbon emission by generating electricity
from waste and to push towards a greater share of RE in the national electricity generation mix. WTE
falls under SDG 7 for affordable and clean energy where technology advancement in WTE can provide
the human race with sustainable, safe, low-cost, renewable, and secure energy sources in the future [20].
It is of utmost important to understand the targets involved in SDG 7 and to be able to link towards
other appropriate SDGs to see how achieving SDG 7 can concurrently complement towards other
SDGs. Table 1 indicates the five targets in SDG 7. Moreover, there are six identified SDGs which
have a more direct relationship with SDG 7 in regards to the implementation of WTE in Malaysia, as
represented in Figure 7 [21].

Table 1. All the five energy targets consisting of three substantive targets and two additional targets
which are identified as a means of implementation in contributing towards achieving Sustainable
Development Goal (SDG) No. 7 [22].

SDG 7: Ensure Access to Affordable, Reliable, Sustainable, and Modern Energy for All

7.1

Achieve universal access
to affordable, reliable,
and modern energy
services by 2030.

7.a

Enhance international cooperation to facilitate access to clean
energy research and technology, including renewable energy,
energy efficiency, and advanced and cleaner fossil-fuel technology,
and promote investment in energy infrastructure and clean energy
technology by 2030.

7.2

Increase substantially the
share of renewable
energy in the global
energy mix by 2030. 7.b

Expand infrastructure and upgrade technology for supplying
modern and sustainable energy services for all in developing
countries, in particular least developed countries, small island
developing States, and land-locked developing countries, in
accordance with their respective programmes of support by 2030.7.3

Double the global rate of
improving in energy
efficient practice by 2030.
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Figure 7. The relationship and interlinked of targets between SDG 7 with SDG 3, 6, 8, 11, 12, and 13
(Yong Zi Jun, 2019).

• SDG 3 for good health and well-being for all can be achieved, as employing WTE can significantly
reduce MSW entering landfills. This helps to prevent and reduce the generation of hazardous
leachate containing persistent, carcinogenic compounds, and other pathogens from complex mixed
waste within the landfill. Hence, this reduce the chances of water contamination from leachate
infiltrating into nearby groundwater and surface water sources which maybe the source of water
supply for downstream populations. This significantly reduces the impact on the number of cases
of deaths and illness related to water pollution and water borne diseases (target 3.9). Moreover,
WTE plants are usually located off city centers. The government can plan to integrate these WTE
plants to provide a stable baseload electricity towards many remote clinics and hospitals located
in sub-urban and rural areas. This can provide both rural and sub-urban residents access to
universal health care (targets 3.7 and 3.8).

• SDG 6 for ensuring access to water and sanitation for all can be secured via WTE process as WTE
plants can supply clean electricity to both raw water and wastewater treatment plants for water
related treatment processes such as blowers, aerators, pumping, chemical dosing equipment,
meters, sensors etc., as well as to supply electricity to the treatment plant’s centralized control and
monitoring room. Hence, WTE plants power treatment plants to provide people adequate access
to clean drinking water and sanitation, especially those who are living in remote areas (target
6.1). Moreover, preservation of water resources can be achieved via these advanced WTE plants.
This is because WTE plants use the latest efficient boiler technology which has a higher efficiency
in terms of using less water from tube-wells and rivers to produce the same amount of kWh of
electricity (target 6.4).

• SDG 8 for promoting sustained, inclusive, and sustainable economic growth, full and productive
employment, and decent work for all. Embarking on WTE to produce electricity helps to diversify
the energy industry and giving back value to MSW as a new resource to generate energy to drive
the nation’s economy (target 8.2). WTE plants help to decouple the economy in the energy and
production sector from environmental degradation (target 8.4) as part of the fossil fuel-based
resources in generating electricity is being substituted by WTE plants. Moreover, WTE can
stimulate and generate more job opportunities in various stages of planning, design, constructing,
commissioning, operating, and maintaining such WTE power plants (target 8.5).

• SDG 11 for making cities and human settlements inclusive, safe, resilient, and sustainable. WTE
has the potential to gradually substitute some of the nation’s coal-fired and diesel power plants
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to provide adequate base-load power supply to residential housing, hence providing access to
adequate and safe housing to the people (target 11.1). Since WTE is decarbonizing the energy
sector by replacing the conventional high air polluting coal-fired and diesel power plants, WTE
emits lower GHGs allowing better urban air quality in cities. The carbon dioxide, sulfur dioxide,
and nitrogen oxides emissions by WTE using MSW as fuel are 837, 0.8, and 5.4 pounds/MWh
respectively which is much lower than coal-fired power plants which emits 2249, 13, and 6
pounds/MWh of electricity produced respectively [23]. Moreover, the implementation of WTE
can divert away mixed MSW from entering landfills. This reduces the collective release of
hazardous bad odor gases from landfills in Malaysia which result from the complex chemical
reaction and degradation of waste within landfills. Hence, this reduces the adverse per capita
environmental impact of cities by paying special attention to air quality and MSW management
via WTE (target 11.6).

• SDG 12 for ensuring sustainable consumption and production patterns. This is closely related to
circular economy where the main intention of SDG 12 is to maximize the use of natural resources
and to minimize the harmful waste generation and disposal towards the environment. WTE
support this by reusing the waste stream to generate electricity hence (target 12.5) at the same
time reducing the contamination of hazardous chemicals emitted by landfills into air, water, and
land (target 12.4).

• SDG 13 for climate action by taking urgent action to combat climate change and its impacts can
be achieved via the use of more WTE as RE resources (target 7.2). At the same time, the use of
more WTE plants to generate electricity for urban use crucially strengthen the adaptive capacity
and resilience of cities towards climate-related hazards (target 13.1) as the burning of fossil fuel
for energy is replaced with the conversion of municipal solid waste to energy. WTE technologies
like LFG and AD capture and burn methane gas (CH4) where methane is 21 times more potent in
global warming potential (GWP) than CO2 to generate heat and electricity. Hence, this contributes
towards reducing GHGs emissions (targets 13.2). According to AlQattan [17], it was reported that
1/4 of a ton of high-quality coal or a barrel of oil can be offset for every metric ton of waste used in
WTE to produce the same amount of electricity.

2.2. Complementing the Malaysian Low Carbon Cities Framework (LCCF) Initiative: From Linear to Circular
Cities Metabolism

Currently, cities worldwide are responsible for consuming 70% of earth’s energy and resources
hence are the main source of generating solid waste and the generation of 70% of global carbon
emission [24]. Moreover, half of the world’s current population are already living in cities and the
number is expected to rise to 60% by 2030 and up to 66% by 2050 [24]. Malaysia had voluntarily pledged
to reduce 40% of the country’s GHG emissions by 2020 compared to levels in 2005 during the 15th
Conference of Parties (COP 15) at Copenhagen in Denmark, and pledged to reduce carbon emissions
by 45% compared to levels in 2005 levels during the Paris UN Climate Change Conference in 2015 [25].
Turning MSW into energy is a key in creating a sustainable city by recycling all organic and inorganic
waste streams, and at the same time serves as a key complement towards the Malaysian pledge
during the COP 15 and moving towards a circular economy enabling value of products, materials,
and resources to be maintained. WTE supports the initiative of moving from a linear to circular urban
metabolism to minimize waste and pollution output to the environment as illustrated in Figure 8.
Unfortunately, according to Abushammala et al. [26], Malaysia has a grand total of 212 disposal
sites and only 14 sites are classified as sanitary landfills, as indicated in Table 2. This indicates that
most Malaysian cities are currently adopting the conventional linear metabolism rather than a more
environmentally sound approach of a closed-loop circular city metabolism where the reuse of waste
into energy and new materials dominates the waste management practices. Non-sanitary landfills
and open dumping are implemented as a main disposal method of MSW due to its low operating cost
and convenience to dispose MSW, although this practice brings tremendous negative implications to
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the economy, environment, and towards the health of the people. With that in mind, according to the
Sustainable Energy Development Authority (SEDA) Malaysia, there are a few MSW-to-energy plants
or LFG-to-energy sites registered with SEDA for the biogas (landfill) Feed-in Tariff (FiT) scheme to
produce and sell green electricity back to Tenaga National Berhad (TNB) which is later on fed into the
national grid for urban electricity consumption.

 

Figure 8. Moving from a linear to circular urban metabolism as a key component towards achieving
sustainable cities, which assures the most efficient possible resource use and least generation of waste
back into the biosphere [27].

Table 2. The types and number of disposal sites in Malaysia in respect to the amount of waste
received [2,26].

Region
Number of Sites Total Waste, Millions Metric Tons (mmt)

Sanitary Landfill Disposal Site Sanitary Landfill Disposal Site

Northern 3 43 22.8 33.7
Central 4 23 6.5 23.0

Southern 2 33 6.6 21.1
East Coast 1 62 2.9 15.5

Borneo 4 51 1.6 9.3
Total 14 212 40.4 102

Moreover, WTE plants compliment the Malaysian Low Carbon Cities Framework (LCCF) and
assessment system which was launched and adopted in 2009 by the Ministry of Energy, Green
Technology, and Water (KeTTHA) and later had a LCCF version 2. This is part of Malaysia’s initiative
in playing a positive role in the world’s climate agenda during the (COP) 15 in Copenhagen, Denmark
in 2009. In general, there are four main performance aspects under the LCCF which can be quantified
under the LCCF in the effort to lower and to keep track of the city’s carbon emissions. The four LCCF
aspects are:

• Urban Environment;
• Urban Transport;
• Urban Infrastructure;
• Urban Building.

Waste management has been classified as part of a component under the urban infrastructure,
besides water management, energy, and other infrastructure provisions such as urban storm water
management and flood mitigation, earth work management etc. In Malaysia, households are the
main source of total solid waste generation which accounts for 65% compared to commercial and
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institutional at 28% and industry at 7% [1]. Therefore, WTE through the thermo-chemical waste
treatment pathways like incineration, gasification, etc., plays a crucial role in household solid waste
management in reducing nearly up to 95% of MSW by volume entering landfills.

3. WTE in Malaysia

3.1. Incineration Plant

In Malaysia, the use of incineration as WTE is only present in a very limited quantity at a small
scale. A total of 80%–95% of MSW volume can be reduced by incineration. Back in 2011, several
incineration projects with the expenditure of RM 187.74 million had been commenced by the Ministry
of Local Government and Housing (MHLG) Malaysia to manage MSW. These included five units of
small-scale incinerators of rotary kiln type that were erected in five tourism spots: Pulau Langkawi
(100 ton/day), Pulau Labuan (60 ton/day), Cameron Highlands (40 ton/day), Pulau Pangkor (20 ton/day),
and Pulau Tioman (10 ton/day) [28]. Table 3 summarizes the incineration plants in Malaysia, current
status, and energy production rate.

Table 3. The summary of the five incineration plants which are funded by the Ministry of Local
Government and Housing (MHLG) in Malaysia [28].

Location
Capacity (MSW

tones/day)
Electricity Generation Current Status

Year of
Completion

Pulau-Pangkor 20 Nil Active 2009
Pulau-Tioman 15 Nil Closed 2010

Pulau-Langkawi 100 1 MW Active 2010
Cameron

Highlands 15 Nil Active 2010

Labuan 60 Nil Active 2010

In June 2011, XCN Technology Sdn Bhd constructed an incineration plant located on a 0.8 ha land
area at Teluk Cempedak, Pangkor Island. The plant can reduce incoming waste volume up to 94% using
the Autogenous Combustion Technology (ACT). In January 2012, the plant commenced operation and
was handed over to MHLG. The plant is capable of combusting up to 20 tonnes of MSW per day. Two
more mini incinerators located at Tioman Island’s facility is capable of incinerating 3221 tons of MSW
per year. Two other mini incinerators each were constructed in Cameron Highland and Labuan, where
each incinerator has a capacity of combusting 15 and 60 tonnes of MSW per day respectively. None
of the four-mentioned incinerator could utilize the MSW to produce energy and generate electricity
rather than only to minimize the volume of the incoming MSW. The Langkawi incineration plant is the
most comprehensive plant and was the first waste incineration plant in Malaysia to utilize the concept
of WTE technology. The Langkawi plant was constructed at a cost of RM68 million and the plant is
estimated to process 100 tons per-day of waste to generate one megawatt of electricity. There were two
units of mini incinerator installed where the model of the incinerator is Hoval GG42. The operation of
the two mini incinerators was monitored by the local authority of Langkawi Town Council. So far,
the incinerator plant in Langkawi is the only incinerator plant in Malaysia to practice solid waste
segregation at the site before the waste stream was fed into the incinerator. Waste which is not suitable
for the incineration process due to high moisture content such as food waste and other wet waste
was later dumped into a nearby landfill. The efficiency of the of Langkawi’s plant is estimated to be
around 80%–90% [29]. The incinerator disposes approximately 100 tons of waste per day and runs on
power generated from the WTE technology. The waste heat generated from the incineration process is
converted to 1 MW of electricity. The main features of the plant included waste separation systems,
rotary kilns, waste heat recovery boilers, air pollution control systems, and a fully condensing steam
turbine generator.
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The Kajang WTE plant, which consists of a refuse-derived fuel (RDF) facility, is the most
comprehensive incinerator as the system incorporates the refused-derived-facility (RFD) operation
in Malaysia. WTE or refuse-derived-fuel technologies are both energy recovery initiatives currently
emerging at Malaysia and are given priority in solid waste management. In 2008, the Kajang WTE
facility was commissioned and has the capacity to process approximately 1100 tons of MSW daily into
RDF which is used to produce approximately 8 MW of electricity daily. A total of 3 MW of electricity
produced from the RDF plant is used to power the plant and the remainder 5 MW is fed and sold
into the national electricity grid via the Feed-in-Tariff (FiT) mechanism [30]. At present, there is a
plan to increase the export capacity of electricity generation from 5 to 6 MW. In addition, the current
RFD technology only allows 77% of the energy stored within the MSW to be recovered in the form of
fuel. It is anticipated that the energy recovered from MSW is targeted to increase to 83% by mixing
biogas produce from organic waste via AD into the process, hence making the overall operation more
efficient [30]. The increase in MSW generation from 6.37 to 13.38 Mt from year 2010 to 2030 greatly
increases the potential of MSW application of WTE. The calorific value of the MSW at Malaysia is
estimated between 1500 to 2600 kcal/kg, with energy potential from the incineration plant operating
based on the provided calorific value incinerator plant at Malaysia which will have the potential to
generate 640 kW/per day. Their study stated that there will be an increase of 60% in electrical generation
from 2010 to 2030 by incineration plants as it is estimated that the increasing MSW as renewable source
of energy in Malaysia has the potential to produce 5000 Gwh/year by 2020 and further increase to
6200 Gwh/y by year 2030 [16].

3.2. Landfill Gas (LFG)

MSW is one of the well-known biomass resources. By year 2020, the MSW generation is estimated
to exceed 30,000 tones/day with 45% of the MSW to be processed at sanitary landfills. Decomposition
of biodegradable components of MSW roughly produces 55%–65% of Methane (CH4), 35%–45% of
Carbon Dioxide (CO2), 0%–3% of Nitrogen (N2), 0%–2% of Oxygen (O2), 0%–1% of hydrogen sulphide
(H2S), Hydrogen (H2), and Ammonia (NH3) [31]. In Malaysia, landfills are the major source of methane
emission (53%); palm-mill effluent generates 38%; swine manure 6%; and other methane gas from
industrial effluent 3% [32]. Figure 9 summarizes the generation of methane gas from landfill in
Malaysia (ton/year). With that amount of potential methane gas estimated to be generated, there is
great potential to harness energy from methane gas for renewable energy in Malaysia.

 

Figure 9. The generation of methane gas from 1998 to 2015 and the predicted value for 2020 [33].



Processes 2019, 7, 676

The Bukit Tagar Sanitary Landfill (BTSL) is a practical example, which consist of 18 separate waste
cells, which was developed under a parcel of s700-ha area at Hulu Selangor with a 120 million metric
ton of waste capacity. At present, BTSL collects 2500 tons of MSW daily (with capacity to handle
5000 tons MSW daily) from Kuala Lumpur and Selayang and the landfill is projected to have a life
span of another 130 years. At present, BSTL captures and harvests methane gas generated through
horizontal wells from the first and second cell which contain 1.45 million tons and 2 million tons of
MSW respectively. Both cells generate approximately 3600 cubic meters of LFG per hour with 60%
methane concentration to generate 6 MW of electrical power. A 1.2 MW gas power engine to generate
electricity was being installed in BTSL facility where the energy is produced to collected the methane
gas. Currently, only part of the methane gas is captured and converted into electricity while the
remaining gas is being flared. Currently, BSTL is one of the largest WTE projects which consist of a total
of 10.5 MW gas engine capacity combined to generate electricity from LFG. Electricity generated from
the site is sold and supplied back to Tenaga National Berhad (TNB), a utility company in Malaysia
via FiT mechanism. Another example is the Air Hitam sanitary landfill which is located at Puchong.
The landfill currently known as Worldwide Landfill Park (WLP) generates LFG containing a high
concentration of methane gas from the degradation of organic waste which had accumulated over the
past 10 years. The collected LFG is used to generate 2 MW of electricity monthly whereby 2 MW of
capacity is able to power around 2000 houses. In 2006, the landfill was closed and rehabilitated and
renamed as Worldwide Landfills Park, with the renewable energy project undertaken by Worldwide
Landfills Sdn Bhd. The landfill is projected to continuously produce 2 MW of electrical capacity for
at least another 16 years from the saturated 6.2 million metric tons of MSW from its past decade-old
operations. According to Worldwide Landfills Sdn Bhd, the generated electric supply was sold to
TNB at cost of RM 0.40 per kilowatt-hour (kWh). In addition, Jeram landfill with 160 acres of land
area and MSW capacity of 2500 tons per day was established with a capacity to hold 6 million tons of
MSW. Currently, the landfill collects approximately 2000 tons of waste daily and to date 4.1 million
tons of waste has been added to the landfill. The landfill caters MSW from city councils of Shah Alam
and Petaling Jaya, the municipal councils of Subang Jaya and Klang, the district council of Kuala
Selangor, and private waste collectors. To date, the gas power plants at Air Hitam and Jeram sanitary
landfills produce combined generated power of 6 MW which can power up to 6000 homes. The energy
production from LFG is expected to increase from 3000 GWh/year in 2010 to 3300 GWh/year in 2020 and
further increase to 5000 GWh/year by year 2030 [16]. An anaerobic digestion system can be combined
with an LFG system to increase the total methane gas output hence increasing the efficiency of waste to
energy production. Food waste has the higher percentage of MSW content, and a study on the food
waste in Malaysia indicate the average food waste generated in year 2010 was a staggering 7600 Metric
Ton/day, about 45% of the total MSW generated in 2016.

There are upcoming new LFG-to-Energy projects according to Table 4. At present, part of the
biogas installed capacity in the BTSL will increase its capacity to 6.06 MW by installing new units
of MWM (A Caterpillar Company) biogas engines on the same site, with each engine having a total
electricity output of 2000 kW and electrical efficiency of 43%. Jeram landfill on the other hand will
install the new biogas systems with an install capacity of 3.6 MW.
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Table 4. List of operating and upcoming landfill biogas plants registered under the Feed-in-Tariff (FiT)
scheme associated with municipal solid waste (MSW) landfill to energy (Source: SEDA, Sustainable
Energy Development Authority Malaysia).

Year of FiTCD * Landfill Name
Applicant/Company

Name
Location, State

Total Installed
Capacity (MW)

2012
Air Hitam Sanitary

Landfill (Worldwide
Landfill Park)

Jana Landfill Sdn
Bhd

Puchong, Selangor
Darul Ehsan 1.9572

2012 Bukit Tagar Sanitary
Landfill

Kub-berjaya Energy
Sdn Bhd

Hulu Selangor,
Selangor Darul

Ehsan
1.2

2013 Bukit Tagar Sanitary
Landfill

Kub-berjaya Energy
Sdn Bhd

Hulu Selangor,
Selangor Darul

Ehsan
3.2

2015 Jeram Sanitary Landfill Jana Landfill Sdn
Bhd

Kuala Selangor,
Selangor Darul

Ehsan
1.0

2015 Bukit Tagar Sanitary
Landfill

Kub-berjaya Energy
Sdn Bhd

Hulu Selangor,
Selangor Darul

Ehsan
2.0

2016 Seelong Sanitary
Landfill Swm Enviro Sdn Bhd Kulai Jaya, Johor

Darul Takzim 2.0

2016
Magenko IYO Alam

Sekitar Bercham
Landfill

Magenko
Renewables (Ipoh)

Sdn Bhd

Ipoh, Perak Darul
Ridzuan 1.2

2018 Jeram Sanitary Landfill Jana Landfill Sdn
Bhd

Kuala Selangor,
Selangor Darul

Ehsan
1.202

New Project Jeram Sanitary Landfill Jana Landfill Sdn
Bhd

Kuala Selangor,
Selangor Darul

Ehsan
3.6

New Project
–Increase
Capacity

Bukit Tagar Sanitary
Landfill

Kub-berjaya Energy
Sdn Bhd

Hulu Selangor,
Selangor Darul

Ehsan
6.06

New Project Papan Sanitary
Landfill

Selekta Selekta
Spektra Sdn Bhd

Daerah Kinta,
Perak Darul

Ridzuan
2.05

FiTCD * = Feed-in-Tariff Commencement Date.

4. Assessment the Factors Affecting the Sustainability of MSW-To-Energy in Malaysia

4.1. Technical, Economic, Environmental, and Social Issues

Table 5 shows the factors which need to be considered holistically in terms of the four main
categories, namely technology or technical, economic and finance, environment, as well as social and
political factors. These factors and issues affect the final decision of selecting the appropriate WTE
methods to deploy best suited to the Malaysian context.
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Table 5. Summary of the technical, economic, environmental, and social issues relating to
the MSW-to-Energy.

Technology Environment

• Quality of Waste
• Quantity of Waste
• Consistent Supply of Waste

• Residual Management
• Emissions Management
• Location of Facility

Economic and Finance Social and Political

• Waste and Electricity Management
• Initial and Operating Cost
• Revenue, Profit and Carbon Credits
• Financial Assistance

• Public Health and Safety
• Government Initiative and Political Will

4.1.1. Technical Issues

Quality of Waste

• There are different types of wastes that can be used as a potential source for renewable energy to
achieve sustainable sound MSW management and towards the use of WTE [34]. A study indicates
that MSW in Malaysia has a high calorific value of approximately 23,000 kJ/kg which is suitable
and ready to be used as feedstock for energy production. However, non-organic waste which
has lower moisture content is suitable for thermal treatment while MSW containing high organic
waste which contributes towards higher moisture content in the overall MSW is not suitable for
thermal treatment.

• The Malaysian MSW contains a high level of moisture as the largest 45% constituents is organic
waste (food and kitchen waste), which reduces the calorific value for thermal incineration
treatment between the range of only 1500 and 2600 kcal/kg, hence making the incineration process
ineffective [35]. For example, the use of small-scale incinerators operating in the tourist islands in
Malaysia were discontinued due to the unsorted MSW as feedstock which contains high moisture
content as the presence of wet organic waste like food waste was reported in 2008 [36]. This results
in a higher operational and maintenance cost in operating the incinerator in the long run as the
incinerator is not functioning within the optimal condition which needs frequent maintenance.

Quantity of Waste

• Periathamby et al. [37] stated that in Malaysia, most landfills are small in capacity. These landfills
hence were insufficient to generate adequate LFG volume viable for gas extraction. In addition,
most of the Malaysian landfills are non-sanitary landfills and often open dumping sites which
rely mainly on only natural clay lining. Furthermore, there is no proper infrastructure for the
collection of LFG and leachate. Hence, the establishment of these disposal sites were mainly
based on the most traditional and economical at the same time non-environmentally sound and
responsible way of disposing of MSW. Therefore, although Malaysia has sufficient MSW for power
generation, however, the previous MSW management style of these landfills are not designed with
the intention to generate resources such as methane to profit the landfill owners and operators.
Thus, most of the LFG generated escapes naturally from cracks and crevices within waste-cells in
the landfill into the atmosphere.

Consistency Supply of Waste

• The consistency in supply of waste resources is of utmost importance to keep MSW-to-energy
plants, particularly those associated with thermo-chemical treatment, operating optimally to
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supply a steady state of electricity into the grid [16]. Any fluctuation in the supply of waste
would greatly reduce the plant’s efficiency hence leading to technical and economic issues which
will result in the reduction and affect the stability, hence the quality, of the electricity produced
by these WTE plants. Incineration, pyrolysis, and plasma gasification WTE plants need huge
volumes of waste, for instance a minimal of 100 tons per day (TPD) and best at 500 TPD of waste,
to sustain the continuous combustion in the furnace of boilers to produce consistent heat to supply
to boilers for steam production. For the bio-chemical pathway of WTE plants, particularly the AD
biogas-to-energy plant, it is encouraged that other types of organic waste from other sources like
the industry, agriculture, or live-stock farming can be incorporated with MSW as feedstock to
reduce its susceptibility to fluctuating waste resources. The type of organic waste from various
sources that can be mixed with MSW are palm oil residue, agriculture crop residue, tropical forest
and garden waste, pulp and paper mill waste, animal manure etc. Moreover, the one advantage
of AD WTE plants compared to any other WTE treatment methods is that AD process can accept
a wide range of MSW volumes, ranging from 25 TPD to above 500 TDP, yet maintain a similar
amount of efficiency in converting waste into energy. However, for LFG-to-energy applications at
landfill sites, this will need at least a consistent volume of MSW of above 500 TPD to produce a
steady stream of electricity supply for the grid [38].

4.1.2. Economic Issues

Investment in waste management systems and electricity generation systems

• In Malaysia, per-capita rate of MSW generation is ever increasing, whereas the energy demand by
2050 increases by a factor of four. In addition, there is an imbalance of existing energy production
to the energy demand due to the increasing Malaysian population. According to Oh et al. [32]
for each 1% growth on Malaysian GDP (Gross Domestic Product), there will be a 1.2%–1.5%
increase in national energy demand. Thus, there is an urgent need to develop WTE technology to
minimize MSW disposing to landfills, at the same time produce sufficient energy from MSW as an
alternative resource to support the economic development in the coming decade in Malaysia.

Initial and operational cost

• An incineration project requires huge capital costs as the cost is mainly attributed to the need
for advanced air pollution control technologies to filter the complex and hazardous flue gas
from incinerator plants. In European nations, about two-thirds of the capital cost is spent on air
pollution control systems and devices. Furthermore, higher fuel consumption and the need for
professional and skilled employees required to operate and to maintain the incineration facility
are the main contributors towards the high operational costs of incinerators. Kathirvale and
Ahnathakrisnan. [39] reported that in Malaysia, the capital expenditure (CAPEX) and operational
expenditure (OPEX) for an incinerator facility with capacity of 800–1000 tons of MSW per day is
estimated within the range of RM 500–800 million and USD 40–100/tons of MSW respectively.
Similarly, Yahaya. [40] reported that the CAPEX and OPEX of a 1000 ton/day capacity mass burn
incinerator WTE facility is RM 360–550 million and RM 102–110 million/ton of MSW respectively.
While, the CAPEX and OPEX for a plasma gasification WTE facility is RM650 million and
120 million/ton of MSW respectively. Moreover, the cost required to construct an incinerator
compared to a sanitary landfill is estimated to be around 10 times and three times in terms of
capital expenditure and operational expenditure, respectively.

• According to AlQattan et al. [17] more environmental efficient WTE systems have a co-generation
or combined heat and power (CHP) system, although plants overall improve efficiency but have
a lower profit margin due to high equipment and operation cost. Hence, this leaves a dilemma
conflict between economic benefit and environmental sustainability, as the most environmentally
efficient WTE systems may not always be the most financially prudent. For instance, the net profit
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generated by a 150 kilo-tonne (kt) plant with electricity configuration is 25.4 Euro/kt of treated
waste, which is significantly higher than a 300 kt plant with co-generative configuration where
the profit generated was just 4 Euro/kt of treated waste.

• The cost for installing and running an LFG site is considerably high. In the case of LFG plants, the
total cost for a plant are categorized into two categories with the listed details:

(i) Total Initial Capital Cost

- Digester equipment;
- Gas engine;
- Generator;
- Balance of System (BOS);
- Installation Cost;
- Design and Consultancy;
- Interconnection Cost (from plant to nearest TNB substation);
- Preliminary Cost;
- Other Capital Cost.

(ii) Annual Operation and Maintenance Cost

- Insurance Premium;
- Operation and Maintenance Cost;
- Fuel Cost at Site;
- Other Operating Cost.

Table 6 indicates the typical total initial capital and operation and maintenance cost for an LFG
WTE plant in Malaysia per MW of installation capacity. Comparing to the cost of other RE resource
RM/MW installation, the total initial capital of LFG is lower than solar. However, the cost of LFG is
becoming lower annually as more and more projects are being developed in Malaysia.

Table 6. The total initial capital and operation and maintenance cost per MW of LFG installation
(Source: SEDA, Sustainable Energy Development Authority Malaysia).

FiTCD * (Year) Total Initial Capital (RM/MW) Operation and Maintenance Cost (RM/MW/Year)

2013 12.5 M * 0.63–0.78 M

2015 8 M 1.5–2.0 M

2016 6.67–7.50 M 1.0–1.2 M

FiTCD * = Feed-in-Tariff Commencement Date; M =Million.

Revenue, profit, and carbon credits

• The economic benefit from the operation of incineration plants which use MSW to produce energy
were estimated through the sales of electricity and carbon credits. The revenue generated from
the sale of electricity for these MSW incineration plants was around RM 5440 M/y (million/year)
in year 2006 and RM 6280, and the amount is estimated to increase to RM 1800 M/y by 2020 and
further increase to RM 2500 M/y by year 2030. Table 7 summarizes the potential revenue obtained
from the operation of incinerator plants in Malaysia. The cost analysis of incineration in Malaysia
is shown in Figure 10, where the figure indicates the net profit from the operation of incineration
plant to generate energy from MSW. Based on Figure 10, MSW-to-energy via incineration has
the potential to generate a net profit of RM 80 M/ton MSW while the combined process of using
incineration together with LFG recovery system has the potential to generate RM 120–160 M/ton
MSW [16].
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Table 7. The potential revenue from the operation of incineration plants in Malaysia.

Year
Energy Production

(G Wh/y)
Carbon Credits

(M RM/y)
Electricity Sales

(M RM/y)
Total Revenue (Carbon

Credit + Electric) (M RM/y)

2006 3500 120 5320 5440

2010 3800 200 6080 6280

2020 * 4600 320 6840 7160

2030 * 6200 400 8740 9140

* Estimate.

 

Figure 10. Summary of cost analysis of incineration operation [33].

• Johari et al. [33] reported that in Malaysia, 44.4% and 55.6% of methane emissions are from sanitary
landfills and dumpsites, respectively. The usage of LFG technology promises low-operational
cost and significantly lower emissions compared to incineration in generating the same amount
electricity. According to Johari et al. [33], the revenue generated from converting LFG into energy
is RM 998 million from selling both electricity and carbon credits by year 2020. The total revenue
from LFG through the sales of carbon credit and electricity are shown in Figure 11.

• The economic analysis based on the net profit and revenue generated from the sales of electricity
and carbon credits. From the year 2010 to 2030, LFG applications show an increase in electricity and
carbon credit sales. In 2010, electricity generated from LFG has a revenue of RM 1600 M/year and
is estimated to increase to RM 2000 M/year and RM 2140 M/year by 2020, respectively. Similarly,
the sale of carbon credits are estimated to increase the revenue generated from RM 160 M/year to
RM 200 M/year by year 2010 and 2030, respectively. The study performs cost analysis of the LFG
system where it shows the operation of LFG power plants may reach a net profit of RM 120 M/ton
of MSW from the sale of electricity within the next 10 years (by year 2030).

Lack of financial support to construct sanitary landfills

• The use of LFG technology in biogas sectors potentially mitigate various environmental issues
and resolve energy resource shortages, however, this technology requires huge initial capital
investment. The lack of financial support from the Government and from bank loans for waste
management in Malaysia results in the lack of sustainable sanitary landfill practices. Moreover,
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due to this factor, only a few large operators and companies are more financially independent
to construct and operate sanitary landfills with adequate landfill gas recovery systems and
WTE technology from gas collection. This leaves the small-scale waste operators to not have
the adequate initial capital to construct and improve their existing landfill facilities for LFG
applications. Furthermore, the increase in land price poses a significant impact to the government
and private companies in opening new sites for landfilling [41,42].

 
Figure 11. Electricity generation and revenue via landfill gas for the years 2010, 2015, and 2020 [33].

4.1.3. Environmental Issues

Residue management

• The incineration process plays a major role in effectively reducing the volume of MSW entering
landfills and efficiently recovering energy from waste. The mass and volume of MSW could be
reduced up to 75% and 90% respectively [38]. However, the retrieved ash needs to be handled
after the incineration process whereby the ash consists of 10% by weight relative to the weight of
the initial MSW fed into the incinerator before the combustion. These ashes are later disposed into
the landfill. The disposal of ash into landfills remains a serious environmental issue as these ashes
sourced from the incinerator’s bottom ash and fly ash (from flue gas cleaning systems) contains
8%–12% ferrous metals and 0.5%–1.5% non-ferrous metals. This potentially brings great harm
to the environment if there is no implementation towards the recycling and recovery of these
precious yet hazardous heavy metals namely Zinc (Zn), Nickel (Ni), Lead (Pb), Mercury (Hg),
Cadmium (Cd) and, among others, trace heavy metals which might be present [17].

• Compared to recovering LFG from landfill to generate energy, incineration (with energy recovery)
has several environmental advantages and benefits, namely smaller plant footprint which requires
a smaller area of land to operate, lower carbon emissions, minimal land contamination, by-product
from incineration ash is inert (chemically stable without odor), and higher density of energy
recovery per ton of MSW. Yet, the operation of incinerators in Malaysia encounters difficulties due
to several issues. These issues comprise the opposition from non-governmental organizations
and public against the health issues relating to the operation of incineration plants; unsuitability
of available technology for incineration of local MSW; high capital expenditure; and stringent
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emission standards compared to other combustion equipment. Additional difficulties encountered
by present incinerator operators were failure to comply to environmental impact assessment
standards; insufficient local expertise; incompetent local operators; and higher cost for incinerator
maintenance and parts.

Emissions management

• There was no available emission standard for incinerators in Malaysia until the release of
Environmental Quality (Dioxin and Furan) Regulation in 2004 by Department of Environment
(DOE) Malaysia. However, the need for such regulation to be established in Malaysia must be
grounded on the United States Environmental Protection Agency (USEPA) Method 23 and USEPA
Method 8290 which are used for analysis in accordance with strict dioxin and furan discharge
criteria (EQA,1974). Furthermore, stricter requirement needs for other pollutant release from the
incinerator include heavy metals. As the laws can change and updates may be required in the air
pollution controls, this could lead to much higher costs in the future [43].

• Dioxin emissions have stringent regulations in other developing and developed countries for
instance China, Taiwan, Germany, and Japan, where dioxin emissions are limited to 1 ng/m3 toxic
equivalent for incinerators [44]. Furthermore, during the thermo-chemical treatment of MSW the
complex composition of unsorted waste material may result in the formation of carcinogenic,
complex, and environmentally persistent acidic gas pollutants, namely Sulphur Dioxide (SO2),
Polychlorinated biphenyls (PCBs), Volatile Organic Compounds (VOCs), Carbon Monoxide (CO),
Hydrofluoric acid (HF), Hydrochloric Acid (HCl), and Hydrobromic acid (HBr), among others. If
these gaseous pollutants were untreated or accidentally leaked into the environment, this will
result in a long-term unforeseen negative impact to the people and the entire ecosystem [17].
These unforeseen negative impacts include the bioaccumulation of these carcinogenic compounds
in the food chain and the development of diseases like lymphoma and sarcoma [45]. The emission
standard of dioxin and furans is at 80 pg TEQ/m3 and for mercury is at 20 μg/m3 according to the
department of Environmental Government of Nunavut [46].

Location of facility

• Currently, there is no standard listed in the Malaysian Environmental Quality Act, 1974 Act (127)
and the Clean Air Regulation 2014 by the Department of Environment Malaysia (DOE) specifically
stating the distance of incineration or WTE plants from and city centers or housing areas or having
how many kilometers, in radius, of buffer zone to prevent the breach of toxic flue gas containing
dioxin and furans. In the case of thermo-chemical treatment of MSW via incineration, gasification,
and pyrolysis, according to Elliott et al. [38], the facility distance of up to 10 km threshold for
exposed population for all MSW incinerators still gives a negative health impacts in the long-term.
Table 8 below shows the adverse health outcomes associated with the distance of facility and
dioxin emission level from various case studies in regards with WTE incinerators. The World
Health Organization (WHO) recommended a minimum of 500–750 m buffer zone surrounding
the facility to have a sufficient flue gas dilution ratio above 1000 which is based on ideal condition
of relatively flat and unobstructed terrain. In reality, a more serious and holistic environmental
impact assessment has to be conducted to determine the safe buffer zone as well as the distance of
facility from residential housing area.
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Table 8. The relation of peak dioxin levels from various incineration plants studies associated with
health effects [44–50].

Country/Region
Peak Dioxin
Emissions

(pg/m3 TEQ)

Distance of Affected
Population from

Facility (km)

Health Effects (Significant
Association)

Besancon and four
regions, France 16,000 N/A Non-Hodgkin’s lymphoma and

soft tissue sarcoma

Rhone-Alpes Region,
France 16,000 N/A Clefts, renal dysplasia, 24 other

anomalies

Southeast Region, France 16,000 = 10 Congenital urinary tract defects

Multiple sites, Japan 80,000 <2
Infant and neonatal death (due to
congenital malformations, fetal
death) and very low birth weight

Osaka prefecture, Japan 80,000 <4
Headache, stomach ache, wheeze,
fatigue, atopic dermatitis and
allergic rhinitis in school children

4.1.4. Social Issues

Public health and safety management

• Incineration can contribute positively to public health by eliminating harmful pathogens, bacteria,
and other hazardous micro-organisms which accumulate in MSW. However, the byproducts from
the incineration process, namely fly ash, bottom ash, and other residues from the incinerator’s
air-pollution control (APC) system in the form of sludge and slags from wet scrubber treatment
process, pose an existential threat to public health via the carriage of toxic pollutants containing
heavy metals such as lead, mercury, cadmium, along with other pollutants.

• In the case of MSW-to-energy via the route of thermo-chemical pathway, there were several
studies which confirmed significant health effects. Giusti [50] reported that the flue gases
from incinerators containing acidic gases (SO2, NOx, N2O, HCl, HF), certain metals (arsenic,
beryllium, chromium, cadmium, lead and mercury), carbon monoxide (CO), carbon dioxide (CO2),
dioxins, furans, polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), volatile
organic carbons (VOCs), and odor, increases the chance of acquiring non-Hodgkin’s lymphomas
and soft tissue sarcoma. According to National Research Council [51], other potential health
effects from incineration flue gas exposure are chest pain, dizziness, irritative symptoms, and
poor coordination.

• From Table 8, it can be seen that infant and neonatal death occurs when the peak dioxin emission
level from incineration plant is at 80,000 pg/m3 in Japan [46]. Incineration plants will have to
be situated far and must have least a 10 km buffer zone from cities centers and away from any
residential and inhabitants’ areas to prevent any risk of negative health implications caused by
the release and exposure of toxic flue gases which contain furan, dioxin, and other heavy metals
which is being blended in the emission stacks of these WTE plants.

Government Initiative and Political Will

• At present, the 11th Malaysia Plan (2016–2020) embraces the concept of responsible consumption
and production which is the United Nations SDG 12 where the focus area is treating solid waste as
a new resource which can be recovered materially via bio-chemical path (AD) or thermo-chemical
path (Incineration, Pyrolysis, Plasma Gasification) for electrical generation and secondary fuel
resources for energy production. Furthermore, the 11th MP aims to transform the Malaysian
society towards a more energy and resource efficient society by managing waste holistically,
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increasing the percentage of RE in energy sector, as well as in the national electrical generation
mix, creating a green market etc.

• The Renewable Energy Act in 2011 was designed to support the FiT mechanism to promote the
use of RE. In the act, a 1.6% surcharge is imposed to the electricity bill of all consumers except for
domestic consumers who consume electricity less than 300 kWh/month. The 1.6% surcharge is
collected to fund the RE quota and development in Malaysia.

• The national renewable energy policy and action plan (2010) under thrust 1 where the FiT
mechanism is implemented together with the establishment of the RE Fund and SEDA Malaysia
is responsible as an authority to implement FiT projects for RE developers. The FiT mechanisms
allow RE producers to generate income via the selling of electricity generated from RE resources
(solar, biomass, biogas, and small hydro) to the national electricity grid based on different FiT
premium rates over a certain period of tenure [46]. Table 9 shows the most updated FiT rates for
biogas (landfill/waste) and biomass (solid waste) RE resources.

Table 9. The FiT rates for biogas and biomass as of 1 January 2019 [10].

Biogas (Landfill) FiT Rates (RM/kWh) Biomass (Solid Waste) FiT Rates (RM/kWh)

(a) Basic FiT rates of installed capacity of

(i) Up to and including 5 MW 0.2210–0.2814

(i) Up to and including 10 MW 0.3085

(ii) 10–20 MW 0.2886

(iii) 20–30 MW 0.2687

(b) Bonus FiT rates having the following criteria (one or more)

(i) Use of gas engine
technology with electrical
efficiency of >40%

+0.0199 (i) Use of gasification
technology +0.0199

(ii) Use of locally
manufactured or assembled
gas engine technology

+0.0500
(ii) Use of steam-based
electricity generation systems
with overall efficiency of >20%

+0.0100

(iii) Use of landfill, sewage gas
or agricultural waste including
animal waste as fuel source

+0.0786

(iii) Use of locally
manufactured or assembled
boiler or gasifier

+0.0500

(iv) Use of solid waste as fuel
source +0.0982

• In 2009, the Malaysia’s National Green Technology Policy (GT) was established to promote and
integrate sustainable development into the national economic development. GT is defined as
technology that promotes the use of RE which has zero or lower GHG emissions, improves
environmental outcome by minimizing the degradation of the environment, conserves natural
resources, and maximizes energy use by increasing efficiency.

4.2. Assessing the Suitability and Sustainability Aspect of WTE in the Malaysian Context

According to Aich and Ghosh. [38] any WTE project has long-term implications towards the
sustainability aspect of the society and the development of a nation. It may contribute positively, and
some may have an adverse effect towards the local economy, society, and the environment if selecting
the wrong or not suitable technicality of the WTE systems to treat MSW. Hence, a SWOT (strength,
weakness, opportunity, and treat) analysis of various WTE systems is required to be done for the
selection of the most suitable technology to be adopted by the local context in Malaysia. By conducting
SWOT analysis, this can help to reduce uncertainties and risk of WTE project by identifying weaknesses
and threats of a WTE technology. Furthermore, the identification of new or alternative feed mix and the
establishment of raw material supply chain can be done by identifying the strengths and opportunities
of the WTE technology. Table 10 shows the general elements and guideline used to conduct the SWOT
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analysis for WTE technologies. In terms of technical, Aich and Ghosh [38] provide the technical
parameter indicative chart which will help local authorities and decision makers identify the most
suitable WTE technology. The main consideration in choosing the right technology must be based on
both the waste characteristics as well as the local climatic condition in Malaysia.

Table 10. The general outline of the SWOT (strength, weakness, opportunity, threat) analysis to be used
for WTE (Waste-to-Energy) projects [38].

Internal Factors

Strength (S)
Characteristics that give advantages

Weakness (W)
Characteristics that give disadvantages

Availability of land area, location of facility, proximity to other urban centers, quantity
and characteristics of Municipal Solid Waste (MSW), capital cost, operation and
maintenance cost, risk factor of acquiring the right kind of MSW, scope of public and
private participation, availability of indigenous technology, existing environmental
issues, scope for natural resources conservation, and scope for backward and forward
of technological integration.

External Factors

Opportunity (O)
Elements that can be exploited to provide

additional benefit

Threat (T)
Elements of the environment that bring

barriers and trouble

Local constraints, political situation, climatic condition, land restriction criteria, existing
socio-economic and market condition, availability of raw material for auxiliary
fuel/additive, national and international regulations, and initial capital cost.

To better understand the Malaysia climatic condition, presented below is the Malaysian climate
information [46]:

• Average Daily Temperature (◦C) = 27–28;
• Average Annual Rainfall (mm/year) = 3318;
• Average Daily Wind Speed (km/h) = 5.5–8.6;
• Average Daily Humidity (%) = 79–80;

Table 11 shows the technical parameters indicative for various municipal solid waste
(MSW)-to-energy technologies [38]. Hence, based on Malaysia’s weather and climate conditions, the
most suitable thermo-chemical treatment will be pyrolysis or plasma gasification. However, this needs
a huge amount of funding assistance or initial capital either from the government or foreign investors
as the initial capital cost in building up such plant is very high, as indicated. As indicated in Table 11,
it must be noted that both pyrolysis and plasma gasification WTE plants require a consistent supply of
waste to be fed into the system of a minimum 100 tonnes per day to maintain the facility operation in
generating electricity. Regarding the most flexible system based on the plant size, anaerobic digestion is
the best option in harnessing biogas for electricity production from organic waste in MSW. Malaysia can
consider anaerobic digestion as the future WTE bio-chemical route while at the same time converting
all possible open dump sites into LFG for methane capturing and energy generation.
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Table 11. The technical parameter indicative chart for various MSW-to-Energy projects [38].

Indicators Most Suitable (
√

) Moderate (M) Not Suitable (×)

Technical Parameters

WTE Technologies

Anaerobic
Digestion

(AD)
Incineration Pyrolysis

Plasma
Gasification

Landfill Gas
Extraction

(LFG)

Waste Characteristics

High Calorific Value, >1200
Kcal/kg × √ √ √ ×
High bio-degradable matter,
>50%

√
M M

√ √

Fixed carbon, <25%
√

N/A N/A
√ √

Total Inert, >25% × × × √
M

C:N ratio, 20–30:1
√

N/A M
√

N/A

Mixed with all types of
waste × M M

√
M

Climate

Hot Climate, >35 ◦C √ √ √ √ √

Moderate Climate, 15–25 ◦C M
√ √ √ √

High moisture content,
>55%

√ × M
√ ×

High rainfall area
√ × M

√ ×
Plant Size

Up to 25 TPD
√ × × × ×

25–50 TPD
√ × × × ×

50–100 TPD
√ × × × ×

100–500 TPD
√ √

M
√ ×

>500 TPD
√ √ √ √ √

Economic Condition

Capital Cost Low to
Moderate High High Very High Very High

Resource Conservation
√ √ √ √ √

Carbon Credit Advantages
√

M M
√

M

5. Challenges and Future Prospects

In the effort of making WTE a profitable and effective project to support the decarbonization of
the energy sector and the development of RE production in Malaysia, the following are some of the
related improvements which can be considered.

• The government is responsible for playing crucial role in translating policies in papers into actual
implementation by initiating behavior changes via a top to bottom approach. There are numerous
policies related to solid waste management that have been established throughout the Malaysia
Plan, however, there is a lack in the implementation and enforcement in both WTE policy and MSW
in Malaysia. The stakeholders, mainly industrial players and academic institutions, must deliver
adequate awareness and knowledge on the plans and initiatives developed in WTE policies.

• Effective and good communication, understanding, and cooperation is needed between the local
and federal authorities regarding the planning and establishment of SWM policies. Furthermore,
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there is also the need to establish an efficient governance in SWM policy and legislation. Creating a
strong and reliable task force to which the authority can enforce the policy and legislative measure
is greatly needed.

• To effectively treat and to maximize the energy potential from MSW and at the same time to save
cost of constructing a facility to segregate MSW, both the government and local authorities need
to educate and implement effective and practical household and commercial source segregation
to separate organic waste and inorganic waste for WTE treatment processes. The organic waste
can be treated via the AD biological process to recover both electricity and organic waste while
inorganic waste can be treated thermally via pyrolysis and gasification to recover energy and
secondary fuel and other products.

• The use of alternative approaches is encouraged, such as gasification and pyrolysis, rather than
mass burn or incineration to treat either mixed waste or inorganic waste. Pyrolysis and gasification
processes generate several useful secondary fuels, and at the same time heat and energy, which can
be turned into electricity by reacting organic material fractions from the MSW at high temperature.
Both processes treat MSW without direct combustion with precisely controlling the amount of
oxygen and steam entering into the system. Syngas is produced at first in both processes where
pollutants are removed before it is combusted, hence resulting in a cleaner emission level. Energy
recovery from MSW via gasification and pyrolysis produces cleaner emissions compared to
incineration and does not possess any threat to public health. Though the initial construction cost
for gasification is higher compare to incineration, at 1.5 times the initial capital cost, however,
gasification in terms of converting waste to energy is 30% more efficient than incineration [48].
Figure 12 compares different WTE technologies in terms of energy potential, cost, and GHG
mitigation ability.

 

Figure 12. Comparison of different WTE technologies in terms of energy potential, cost, and greenhouse
gas (GHG) mitigation ability [16].

6. Conclusions

In brief, due to the escalating increase in the generation of municipal solid waste (MSW), carbon
dioxide (CO2) emissions, and electricity consumption, there is an urgent need to develop and implement
MSW-to-energy plants in Malaysia. MSW-to-energy plants can solve both environmental and energy
issues by effectively minimizing waste volume, at the same time converting waste into energy. Hence,
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MSW as a renewable source of clean energy in generating electricity into the national electricity grid via
the national Feed-in-Tariff (FiT) program has great potential to decarbonize the energy and waste sector
in Malaysia. The implementation of waste-to-energy (WTE) as part of the solution towards Malaysia’s
waste and energy problems contributes in achieving several of the 17 United Nations sustainable
development goals (UN-SDGs). These goals include goal No. 3 (good health and wellbeing), 6
(clean water and sanitation), 7 (affordable and clean energy), 8 (decent work and economic growth, 11
(sustainable cities and communities), 12 (responsible consumption and production), and 13 (climate
action). Moreover, WTE projects support the Malaysian Low Carbon Cities Framework (LCCF) which
was launched and adopted in 2009 together with the voluntary pledge from the Malaysian government
during the recent 15th conference of parties (COP) for the world’s climate agenda.

The aim of all waste-to-energy (WTE) technologies is to reduce waste volume entering landfills
at the same time generating energy from waste. In general, although there are many types of WTE
technologies in the market, the main WTE routes can be classified into bio-chemical and thermo-chemical
treatment methods. In Malaysia, landfill gas (LFG) as a bio-chemical pathway and incineration as
a thermo-chemical pathway are the two most widely used WTE technologies to treat MSW and to
recover energy in the form of electricity and heat. There are a number of sanitary landfills with LFG
application, namely Air Hitam, Bukit Tagar, Jeram, and Seelong sanitary landfills which are engineered
to collect and harness methane gas generated from biodegradable contents within the waste cells for
electricity production under the FiT scheme. There are four small-scale incinerators mainly at tourist
islands in Malaysia namely Cameron Highlands, Pulau Tioman, Pulau Pangkor, and Labuan, however,
these four incinerators do not produce electricity and are only intended to be used for minimizing
MSW volume. Only one larger scale incinerator with a capacity of treating 100 tonne/day of MSW at
Pulau Langkawi was used to generate electricity from burning MSW.

The application of MSW-to-energy has great potential to be implemented in Malaysia as 89% of
MSW is being disposed to landfills without treatment or any WTE applications. In order to ensure a
long-term sustainable development of WTE in Malaysia, the four faculties of technology (quality or
characteristic of waste; quantity of waste; consistency supply of waste), economy (waste and electricity
management; initial capital together with operation and maintenance costs; revenue and carbon credits;
financial support), environment (residual and emissions management; location of facility), and social
(public health and safety; government initiative and political will) are being considered holistically
within the Malaysia context to ensure the suitability at the same time to minimize any business risk of
selected WTE technology yet to be implemented in Malaysia. Moreover, a SWOT (strength, weakness,
opportunity, and treat) analysis of various WTE systems is being discussed to further complement
in terms of technicality towards the sustainability of selecting the best possible WTE in the context
of Malaysia.

Therefore, the best WTE technology in dealing with wet MSW, which contains higher amount
of organic waste (food waste), is anaerobic digestion (AD) as AD can fully utilize the feedstock
by effectively converting organic waste into both form of biogas which later can be converted into
electricity and bio-fertilizer. Hence, AD leaves almost no secondary by-product which is hazardous
and persistent to the environment if compared to incineration which produces subsequent hazardous
ashes. AD is considered as one of the most flexible systems compared to other systems. AD can adsorb
a wide range of tonnage between 25 tons per day (TPD) to more than 500 TPD while maintaining its
optimal operation. The initial capital expenditure (CAPEX) and operational expenditure (OPEX) of
AD systems is the cheapest among all the mentioned WTE technologies in this paper, is most suitable
to be utilized in Asia as the process is suited to the warm climate of most of the Asia region, and the
initial capital cost as well as the operational cost is the lowest among all WTE technologies where AD
suits the financial strength and climatic condition of most Asia countries. However, the main challenge
to a successful long-term AD operation is that the MSW must be first sorted or segregated either at the
source or at a sorting facility at the plant. This is to ensure only organic waste entering the digester, as
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other foreign non-organic substances like trace heavy metals and other carcinogenic and hazardous
compounds which might bring toxicity possibly affect the biological process in the digestor.

The most sustainable WTE technology to treat mixed MSW containing higher amount of inorganic
waste is plasma gasification rather than conventional incineration process. This is because plasma
gasification generates high amount of energy, and heat at the same time can produce multiple secondary
fuels which later can be turned into energy compared to incineration in which the process only generates
heat. Moreover, plasma gasification can accept all kinds of mixed waste and the process generates flue
gas which is much cleaner than in conventional incineration. Although the main challenge of plasma
gasification is the initial capital costing, which is 1.5 times of that to an incinerator, however, in the
long-run plasma gasification has 30% more efficiency compared to the incineration process, therefore
generating more output out for the same amount of tonnage of MSW.

Lastly, Malaysia, as a developing country with a vision towards transitioning into a first world
country and had pledged to contribute towards climate action and achieving the UN-SDGs, needs
to embark towards a circular city metabolism where MSW-to-energy is widely used. National
MSW-to-energy practices gives back value to waste as a renewable source for electricity production
at the same time minimizing anthropogenic waste and pollutants entering the natural environment.
Through nationwide MSW-to-energy implementation and realization, the socio-economic development
in Malaysia can be more environmentally sound and efficient, hence enabling Malaysia to achieve
sustainable development.
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We were not aware of some errors made in the proofreading phase; therefore, we wish to make
the following corrections to the mathematical equations in the text.

(1) The bar at some units are placed on the bottom instead of the top, the correct representation for
the following equations should be: Flux J is defined as the number of bubbles passing though an
area A per unit time. Assuming no diffusion, i.e., only convection,

J = σs (2)

where σ and s are the density and velocity of the bubbles respectively. Putting Equation (2) into
(1) gives

∂σ
∂t

= −∇·J. (3)

The bubbles are assumed to move into the region R, resulting in a negative ∇·J, and the negative
sign is to make it positive. To solve Equation (16), Laplace transform is applied to Equation
(16), giving

f (z)σz(z, s) + sσ(z, s) − σ(z, 0) + F(z)σ(z, s) = 0

f (z)σz(z, s) + [s + F(z)]σ(z, s) − σ(z, 0) = 0 (17)

Since σ(z, 0) = 0, Equation (17) becomes

f (z)σz(z, s) + [s + F(z)]σ(z, s) = 0 (18)

To solve Equation (18), we divide Equation (18) by f (z) to give

σz(z, s) +
s + F(z)

f (z)
σ(z, s) = 0 (19)
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Multiplying Equation (19) with integrating factor e
∫ s+F(z)

f (z) dz yields

d
dz

[
eq(z,s)σ(z, s)

]
= 0 (20)

Integrating Equation (20) gives
σz(z, s) = CeQ(z,s) (22)

(2) The cylindrical coordinates ∅ should have the terms as followed: ∅ = tan−1 y
x .

(3) There is an additional ‘ln’ term in both the equations which should not be present. The correct
equations are as shown below:

q(z, s) =
9sν

8ρgα2

(
ρ2g2z3

3
− ρgz2Pex + (Pex)

2z
)
+ ln

∣∣∣∣∣∣∣
8ρgα2

9ν(ρgz− Pex)
2

∣∣∣∣∣∣∣ (21)

Transforming Equation (22) from the s domain back to the t domain yields

L−1{σz(z, s)
}
= σz(z, t) = δ

⎡⎢⎢⎢⎢⎢⎣t− 9ν
8ρgα2

(
ρgz2Pex − (Pex)

2z− ρ
2g2z3

3

)
− ln

∣∣∣∣∣∣∣
8ρgα2

9ν(ρgz− Pex)
2

∣∣∣∣∣∣∣
⎤⎥⎥⎥⎥⎥⎦ (23)

where L is the Laplace transform.
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