Biodiesel production from municipal waste

using lipase catalysis
JB van der Merwe

orcid.org/0000-0001-5752-6394

Dissertation accepted in fulfilment of the requirements for the
degree Master of Engineering in Chemical Engineering at the

North-West University

Supervisor: Dr RJ Venter

Co-supervisor: Prof S Marx

Graduation: May 2022

Student number: 25882996



ACKNOWLEDGEMENTS

‘Winners never quit, and quitters never win’ —Vince Lombardi

| would like to express my appreciation to the following people for their contribution to this study
and support throughout the year:

e Our Heavenly Father without whom nothing would be possible.

¢ My husband, Jean-Otto Smit, for his patience and support throughout my studies.

¢ My parents, Hendrik and Elana van der Merwe, for always reminding us of the saying that
winners never quit, and quitters never win.

e My best friend, Vian van der Merwe, for all the long hours spent on campus and support
throughout my studies.

e Prof. Sanette Marx for her advice and guidance.

e René Becker for her assistance, support, and kindness towards students in the laboratory.

¢ Dr Roelf Venter for his leadership, support, advice, and guidance.

e Dr LC Muller for the use of the GPC and assistance with the NMR.

¢ NRF for their financial support.



ABSTRACT

Municipal solid waste (MSW) and sewage sludge are attractive feedstocks for biofuel production
through hydrothermal liquefaction (HTL) due to high moisture content, availability, and low costs.
HTL has the advantage of not requiring any energy-intensive dewatering and drying processes
compared to some other processes. HTL-biocrude has unwanted properties, such as a high water
content, high viscosity, high ash, and high oxygen content, which limit the application thereof.
Enzymatic esterification and transesterification are promising methods for the upgrading of
biocrude that need to be further investigated. Enzymatic esterification of biocrude oil should be
studied in detail to evaluate the effect of lipase catalysis on other biocrude components, not only
on fatty acids; and the effectiveness of the overall fatty acid methyl ester (FAME) conversion

should be determined.

The HTL experiments were conducted in a high-pressure batch type autoclave reactor with
simulated municipal solid waste and sewage sludge as feedstock and solvent. The reaction
temperature chosen was 300 °C with a residence time of 20 minutes. For each esterification
experiment, a 50 mL pear-shaped reaction flask was used in which 0.1 g of lipase (Novozym 435)
and 1 g of biocrude oil (2.63 mmol) were weighed to obtain a 10 mass % enzyme loading. A
magnet for stirring and an appropriate amount of methanol was added to the reaction flask to
obtain the desired methanol to oil molar ratio. Methanolysis continued for 6 hours under constant
stirring at 12.5 Hz.

The results of the HTL of municipal waste (MW) showed the following product yields for: biocrude
(6.80 mass %), biochar (14.82 mass %), biogas (9.52 mass %), and agueous product (57.84
mass %). The biocrude was further characterised and a higher heating value (HHV) of 31.20
MJ/kg, a moisture content of 3.98 + 0.85 mass %, a methyl ester and fatty acid content of 1.2 +
0.21 % and 41.5 + 3.38 % were obtained. The enzymatic esterification resulted in the following
optimum conditions: reaction time of 6 hours at 30 °C and an oil to methanol molar ratio of 1:3
with a constant loading of 10 mass % Novozym 435 (N435). At the optimum conditions, a FAME
conversion of 95.83 % was achieved with a HHV of 34.95 + 1.22 MJ/kg and a methyl ester yield
of 48.66 * 5.40 %.

Various esterification conditions were investigated to observe their effect on the FAME
conversion. The FAME conversion increased as the reaction time increased until the optimum
reaction time was reached. Furthermore, a decrease in the FAME conversion was observed due
to alcohol inhibition that was attributed to the denaturation of the enzyme. No significant difference

in the FAME conversion was observed at the different temperatures.



The boiling range distribution of the biocrude oil was investigated and compared with the
produced biodiesel for different reaction conditions. There was a slight decrease in the kerosene
fraction and a significant increase in the diesel fraction due to the conversion of fatty acids to
FAME. There was also a significant decrease in the heavy fraction that could be explained by the
fact that the boiling point of the methyl ester of a fatty acid was lower than the boiling point of the
fatty acid itself. This resulted in the fatty acids with boiling points in the heavy fractions boiling
range to be observed in the diesel fraction boiling range. The only significant increase observed

for each fraction was the esters.

Used N435 catalyst, acetone-regenerated N435 catalyst, as well as - tetrahydrofuran (THF),
hexane-, dimethylsulfoxide- (DMSO), tert-butanol- and acetonitrile regenerated N435 catalyst
were reused, and the results demonstrated that used N435 catalyst could be reused without
solvent regeneration. However, acetone-regenerated N435 catalyst obtained insignificantly
higher conversions. The reusability of N435 catalyst and acetone-regenerated N435 catalyst
obtained a FAME conversion of 83.60 % and 86.34 %, respectively, after four cycles.

The results obtained for lipase-catalysed esterification indicated that it is a promising route for
MW generated biocrude oil upgrading using mild reaction conditions compared to thermochemical
routes. It was also observed that N435 catalyst was highly stable in the reaction environment and

could be reused and still obtain high FAME conversions.

Keywords: municipal waste, hydrothermal liquefaction, enzymatic esterification, Novozym 435,

lipase regeneration
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NOMENCLATURE

Abbreviation Description
daf dry, ash-free
HTL hydrothermal liquefaction
MSW municipal solid waste
MW municipal waste
N435 Novozym 435
N2 nitrogen gas
DMSO dimethyl sulfoxide
THF tetrahydrofuran
FAME fatty acid methyl ester
Mn number averaged molecular
weight
PDI polydispersity index
% percent
mass % mass percent
°C degrees Celsius
mm millimetre
m metre
min minute
h hour
K Kelvin




Hz Hertz
Vol volume
mL millilitre
uL microlitre
L litre
g gram
mg milligram
mol Mole
kg kilogram
mmol Millimole
MW molecular weight
MPa Mega Pascal
MJ Mega Joule
South African National
SANS
Standards
CDCls deuterated chloroform
1H NMRS proton nuclear magnetic
resonance spectroscopy
gas chromatography mass
GCMS
spectrometry
gel permeation
GPC chromatography
Fourier-transform infrared
FTIR
spectroscopy
HHV higher heating value
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CHAPTER 1: INTRODUCTION

Chapter 1 provides a general overview of the contents of this study. The background and
motivation are discussed in Section 1.1 and the problem statement is provided in Section 1.2.
Section 1.4 lists the aim and objectives while the project scope is discussed in Section 1.4.

1.1 Background and motivation

The increase in urbanisation, globalisation, and industrialisation has led to a significant increase
in the demand for food security, energy, and water. In 2016 the Paris Agreement was signed by
175 states, including South Africa due to fossil fuel emissions that have led to global climate
change (Falkner, 2016). Fossil fuels, such as petroleum, heavy oils, coal, and natural gas are
used to produce energy for industrial, transportation, and domestic use (Huang et al., 2012).
Fossil fuel emissions will decrease significantly if biofuels are used as an alternative to

conventional fuels (Huang et al., 2012; Karavalakis et al., 2011).

Biofuels are classified as either primary or secondary biofuels as discussed in Section 2.2_(Alam
et al., 2015; Rodionova et al., 2017). First-, second- and third-generation biofuels are classified
as secondary biofuels based on the production technology used, type of biomass, and limitations
of the biofuels produced (Huang et al., 2012; Guo et al., 2015; Rodionova et al., 2017). First-
generation biofuel is produced by transesterification of edible oil such as animal fats, palm- ,soya-
, rapeseed-, and sunflower oil (Huang et al., 2012; Guo et al., 2015; Rodionova et al., 2017).
Second-generation biofuel is produced by the processing of inedible biomass such as municipal
waste, used cooking oil, lignocellulosic materials, and agricultural wastes. Third-generation
biofuel is produced by the processing of microbes and microalgae (Huang et al., 2012; Guo et
al., 2015; Rodionova et al., 2017).

Recent studies show that developments on the feasibility of second-generation biofuel production
have gained interest; particularly, the use of lignocellulosic biomass consisting of agricultural or
municipal waste as sustainable feedstock that does not affect food security (Dong et al., 2019).
Second-generation biofuels are produced by thermochemical processes such as HTL and
pyrolysis that have been extensively studied (Wang et al., 2018). Furthermore, HTL is a thermal
depolymerization process that converts liquid biomass into biocrude oil in a high temperature and
high pressure environment. South Africa’s agricultural sector are consuming a significant amount
of the available water resources (Pradhan & Mbohwa, 2014). The unpredictable rainfall patterns
and increasing population growth impact negatively on food security. It is unfeasible to use crops,
such as sugarcane and maize, for the production of biofuels due to the limited availability of arable

land, increasing crop prices, and production and processing costs (Pradhan & Mbohwa, 2014).
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Therefore, alternative feedstocks, such as wastewater, mining water, municipal solid waste

(MSW) and sewage sludge, should be considered for the viable production of advanced biofuels.

Large quantities of MSW are discarded by households and food processing industries year-round,
where only small quantities are recycled, with the vast non-recycled waste landfilled (Klemetsrud
et al., 2016; Minowa et al., 1995; Zastrow & Jennings, 2013). Landfilled material mainly consists
of organic waste and occupies valuable space, generates odours, diseases, and emits
greenhouse gases (Klemetsrud et al., 2016; Minowa et al., 1995). Sewage contains energy and
valuable nutrients that can be converted to biofuel and usable products (Capodaglio & Callegari,
2018). MSW and sewage sludge are attractive feedstocks for biofuel production through HTL due
to their high moisture contents, availability, low costs, and an established infrastructure for
collection and handling (Huang et al., 2011; Klemetsrud et al., 2016).

HTL and pyrolysis are thermochemical processes used for biofuel production (Wang et al., 2018).
The operating conditions for the pyrolysis process are atmospheric pressure and temperatures
ranging between 300 °C and 700 °C. Pre-drying of the biomass is essential for high heating rates
and temperature control (Wang et al., 2018). Pyrolysis of MSW and sewage sludge is an energy-
intensive process due to the need for high operating temperatures and pre-drying of the biomass
(Capodaglio & Callegari, 2018; Minowa et al., 1995). Thus, for MSW as feedstock, it is not feasible

due to the requirement of an energy-intensive dewatering and pre-drying process.

The HTL process converts biomass into biocrude and other reactor products at temperatures
ranging from 280 °C to 370 °C and pressures ranging from 10 MPa to 25 MPa (Wang et al., 2018).
Processing of the feedstock takes place at subcritical or critical conditions of water allowing for
the breakdown of the solid biopolymeric structure yielding biocrude, biogas, hydrochar, and an
agueous effluent as reactor products (Elliott et al., 2015). HTL has the advantage of not requiring
energy-intensive dewatering and drying process in contrast to the requirements of pyrolysis
(Capodaglio & Callegari, 2018).

The HTL-biocrude oil typically contains phenols, alcohols, naphthols, acids, methoxy-phenols,
cyclic ketones, and benzofurans (Elliott et al., 2015; Kumar et al., 2018). Compared to petroleum
fuel, HTL-biocrude oil has unwanted properties such as low heating value, high water content,
high viscosity, high corrosiveness, high ash and oxygen content (Xiu & Shahbazi, 2012). These
properties also limit the application of the HTL-biocrude as a high-value fuel without being
upgraded. Biocrude oil is generally upgraded through biological, chemical or thermochemical

processes (Hansen et al., 2020; Manurung et al., 2017).



Thermochemical upgrading processes consist of hydrocracking and hydrotreating (Hansen et al.,
2020). Hydrocracking takes place under severe operating conditions of temperatures above 350
°C and pressures ranging between 7 bar and 138 bar which require complex processing
equipment (Xiu & Shahbazi, 2012). The main disadvantages associated with hydrocracking are
catalyst deactivation, reactor clogging, and the high costs associated with the process (Baloch et
al., 2018; Xiu & Shahbazi, 2012). The main advantages of hydrotreating are the milder operating
conditions, lower costs and that it is already commercialised compared to hydrocracking (Xiu &
Shahbazi, 2012). Hydrotreating produces a poor quality renewable diesel with a high cold filter
plugging point which makes it an inadequate technique for the direct upgrading of biocrude oil to
fuel (Baloch et al., 2018; Xiu & Shahbazi, 2012).

Esterification and transesterification are promising methods for industrial application from a
process cost point of view (Lin et al., 2011). Esterification decreases the viscosity, acidity and
corrosiveness of the biocrude oil, while improving its volatility, stability, and heating value (Baloch
et al., 2018; Gui et al., 2008; Lin et al., 2011; Xiu & Shahbazi, 2012).

Chemical processes for upgrading biocrude oil consist of esterification and transesterification
reactions using biological, alkali or acid catalysts (Gog et al., 2012; Guldhe et al., 2015). Acid and
alkali catalysts have the disadvantage of having high energy requirements, toxicity, corrosiveness
and difficult recovery compared to biological catalysts (Karmee et al., 2018). As an alternative,
biological catalysts, like lipase, have the advantages of operating under moderate conditions,
being environmentally friendly, reducing waste and purification costs, being relatively easy to
recover, requiring low energy input, and being free fatty acid tolerant (Guldhe et al., 2015; Hansen
et al., 2020; Karmee et al., 2018; Manurung et al., 2017). Esterification uses an alcohol-based
solvent to convert carboxylic acids to esters, whereas transesterification uses alcohol to substitute

triglycerides with small carbon chains (Amini et al., 2017; Hansen et al., 2020).

Karmee et al. (2018) investigated the production of biodiesels from spent coffee ground oil by
using lipase catalysis. Different lipases were used for biodiesel production under solvent-free
conditions. The immobilised catalyst, N435, obtained the highest conversion among the lipases
investigated and was further used for the optimisation of reaction conditions achieving a biodiesel
yield of 96 %. Similarly, Koése et al., (2002) investigated the influence of enzyme loading, oil to
methanol molar ratio, temperature, and reaction time on methanolysis of refined cotton seed oil.
The optimum FAME yield of 91.5 % was obtained at a 30 mass % enzyme loading, oil to methanol

molar ratio of 1:4, 50 °C, and a reaction time of 7 hours.

A disadvantage associated with enzymatic esterification is the high costs of the lipase enzymes
(Ghaly et al., 2010) which can be mitigated by the reusability of N435 (Gog et al., 2012; Leung et
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al., 2010). Karmee (2016) investigated the reusability of N435 by using n-pentane as a solvent

for regeneration and obtained a FAME conversion of 86 % after the fifth cycle.
1.2 Problem statement

HTL is a thermal process converting a high moisture content biomass into biocrude oil and energy
without feedstock dewatering (Mulchandani & Westerhoff, 2016). Compared to petroleum fuel,
HTL-biocrude has a low heating value, high water content, high viscosity, high corrosiveness, and
high ash and oxygen content that limit the application of the biocrude oil without upgrading (Xiu
& Shahbazi, 2012). As stated in the previous section, biocrude oil is generally upgraded through
chemical, thermochemical or biological processes (Hansen et al., 2020; Manurung et al., 2017).

According to the feasibility study by Jiang et al. (2019:110), the minimum selling price of the
biocrude oil is high due to the high feedstock costs resulting in an uneconomically process. The
minimum selling price of the biocrude oil would be significantly lower if MSW and sewage sludge
are used as feedstock in conjunction with government subsidies.(Jiang et al., 2019).

Biofuels are used as an alternative to conventional fuels due to their low toxicity, high
biodegradability, and ease of blending with conventional fuels resulting in reduced carbon dioxide
emissions (Amini et al., 2017). Emissions reduction is facilitated by the presence in biodiesel of
ester compounds containing oxygen which promote cleaner burning (Huang et al.,, 2012).
Biodiesel is a liquid biofuel that consists of a mixture of esters produced through esterification and

transesterification of FFAs and triglycerides, respectively (Amini et al., 2017).

For esterification and transesterification, biocatalysts are used specifically to mitigate the
disadvantages associated with the use of chemical catalysts (Amini et al., 2017). The upgrading
of biocrude oil through lipase catalysis need to be studied in detail to determine if the enzyme will
be affected by components such phenolics, ketones and heterocyclic nitrogen, oxygen and
sulphur compounds in the biocrude oil. Current studies on lipase catalysis only investigates
conversion efficency. Therefore, lipase catalysis, enzyme reusablity and the effect of the enzyme

on other components should also be further investigated.
1.3 Aim and objectives

This study aims to investigate the upgrading of biocrude oil obtained from the HTL of MSW and
sewage sludge through enzymatic esterification. The FAME conversion of lipase-catalysed
esterification will be evaluated and compared with additional methods such as chemical

esterification and transesterification.

This will be done through the achievement of the following objectives:
4



e Synthesisation of biocrude oil by the HTL of a synthetic mixture of organic MSW in the
presence of sewage sludge as a solvent.

e Production of biodiesel through the lipase-catalysed esterification of the prepared
biocrude oil.

e Quantification of the effectiveness of lipase-catalysed esterification of biocrude oil
based on product yield, biodiesel quality, and enzyme reusability.

e Evaluate the selectivity of methyl ester conversion of lipase-catalysed esterification in

the presence of other biocrude oil components.
1.4 Scope of this study

To achieve the aims and objectives listed in Section 1.3, the scope of the study was determined

to be the following.

Chapter 1: Introduction
This chapter provides the background of and the motivation for the study and an introduction into
biofuels, municipal waste (MW) as biomass, HTL, biocrude upgrading, and biodiesel. It also

contains the problem statement, aim, objectives and scope of this study.

Chapter 2: Literature review

The literature review contains an investigation into waste management in South Africa, operating
conditions of HTL, upgrading of biocrude oil, and parameters affecting biocatalytic
transesterification. Subheadings of this chapter include: Waste management, Biofuels,
Hydrothermal liquefaction, Biodiesel, Feedstock for biodiesel production, Method of biodiesel

production, Transesterification, and Parameters affecting biocatalytic transesterifications.

Chapter 3: Materials and methods
This chapter provides detail regarding the experimental procedures, analytical techniques and
reagents used in this study. Subheadings in this chapter include: Materials, Experimental

procedures, Analyses, and Experimental error.

Chapter 4: Results and discussion

This chapter provides the results of the characterisation of the MW, HTL product yields,
characterisation of the biocrude oil, and enzymatic esterification. The effect of the methanol to oil
ratio, reaction temperature, and residence time on the FAME yield, and characterisation of the

biodiesel produced in this study are also communicated and discussed.



Chapter 5: Conclusion and recommendations
This chapter provides the conclusion of this study as well as several recommendations for future

studies.
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CHAPTER 2: LITERATURE REVIEW

The literature review of HTL and lipase catalysis is provided in this chapter.

Waste management in South Africa is discussed in Section 2.1 followed by the classification of
biofuels in Section 2.2.

Section 2.3 investigates HTL operating conditions and their effect on the biocrude yield. Biodiesel
and the specification of the established South African National Standards for a fuel to be classified
as a biodiesel are discussed in Section 2.4.

Sections 2.5 and 2.6 investigate the different feedstocks used for biodiesel production and
biocrude upgrading methods for biofuel production. The different catalysts used during
transesterification and the parameters affecting transesterification and the biodiesel yield are

discussed in Section 2.7.
2.1 Waste management

The population of South Africa increased by 17 million people between 1994 and 2019 which
requires municipalities to make provision for a greater demand for services (Worldometer, 2021).
South Africa’s significant population growth increases the demand for clean drinking water, waste
management facilities and sustainable sanitation. Waste management is mandatory and based
on South Africa’s 2017 state of waste report approximately 43 million tonnes of waste were
generated (Department of Environmental Affairs, 2018). It is estimated that only 4.9 million tonnes
were recycled while 38 million tonnes were landfilled (Department of Environmental Affairs, 2018).

Landfill material mainly consists of organic waste that occupies valuable space, generates
odours, emits greenhouse gases, but is a source of renewable energy (Klemetsrud et al., 2016;
Minowa et al., 1995; Zastrow & Jennings, 2013). Zastrow and Jennings (2013) proposed the

utilisation of HTL technology to produce renewable fuel from MSW to reduce landfill waste.

The treatment of municipal wastewater results in large amounts of sewage sludge that increases
with population growth (Pathak et al., 2009). Furthermore, the disposal of sewage sludge has
serious safety and environmental concerns. Sewage is disposed of through land application ,
irrigation, or placements in landfills (Mulchandani & Westerhoff, 2016; Pathak et al., 2009; Weng
et al., 2014). Disposal of sewage wastewater through irrigation of agricultural land results in the
improvement of chemical, biological and physical properties of the soil (Pathak et al., 2009).
However, the amount of heavy metals in sewage restricts its use as fertiliser since the metals

accumulate in the plants and vegetables (Pathak et al., 2009; Téth et al., 2016). Landfilling faces
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several disadvantages such as odour, the release of greenhouse gases, the limiting of space due
to the increase in urbanisation, and the potential of underground water contamination
(Mulchandani & Westerhoff, 2016). Due to several health and environmental concerns, alternative
methods should be considered (Dufreche et al., 2007). Sewage sludge contains nutrients and
energy that make it a valuable feedstock in the production of biofuel (Capodaglio & Callegari,
2018).

The production of biofuel through the processing of MSW and sewage sludge is a potentially
feasible and environmentally-friendly alternative method of waste management (Dufreche et al.,
2007; Melero et al., 2015; Siddiquee & Rohani, 2011; Zastrow & Jennings, 2013).

2.2 Biofuels

Biofuels are classified as either primary or secondary biofuels (Alam et al., 2015; Rodionova et
al., 2017). The difference is that primary (natural) biofuels are used in their unprocessed form,
whereas secondary biofuels are produced by further processing of the feedstock (Nigam & Singh,
2011). Primary biofuel involves the burning of dry animal waste, cellulosic plant material, and
wood in their unprocessed form to generate heat (Rodionova et al., 2017). Secondary biofuels
are classified into three generations, namely: first-, second-, and third-generation biofuels. These
are characterised according to the production technology, biomass, and the limitations of the
biofuels produced (Alam et al., 2012; Naik et al., 2010; Nigam & Singh, 2011; Rodionova et al.,
2017).

Second-generation biofuels are classified according to their method of production, i.e.
thermochemical or biochemical processes (Naik et al., 2010; Nigam & Singh, 2011). Recent
developments in the economic feasibility of second-generation biofuel production and large scale
biorefining have stimulated some interest, particularly, in lignocellulosic biomass consisting of
agricultural or municipal waste that is a sustainable biomass not affecting food security (Dong et
al., 2019). Biofuel generations are characterised according to the biomass used, production

technology, and the limitations of the biofuel products, as shown in Table 2.1.
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Table 2.1:Characterisation of the biofuel generations (Alam et al., 2012; Nigam & Singh, 2011; Rodionova et al

S.N. Naik et al., 2010).

First-generation

Second-generation

Third-generation

Biomass

Products Technology

Advantages

Disadvantages

Animal fats, vegetable
oils, starch- and sugar-

rich biomass

Transesterification

Biodiesel, corn
ethanol, and sugar

alcohol

Locally distributed and
environmentally
friendly

Limited biomass; high
production costs,
storage facilities, land-
use change; and
necessity of mixing fuel

with conventional fuel

Non-food
lignocellulosic
biomass, waste oils

and municipal wastes

HTL and pyrolysis

Hydrotreated oll,
biocrude,
lignocellulosic ethanol,
butanol, and mixed

alcohols

Environmentally
friendly, reduction in
landfill sites, and not

affecting food security

Storage facilities, land-
use change, advanced
technology is still
underdeveloped to
ensure economic
feasibility, and
procurement of

subsidies

Cyanobacterial
microalgae, and

seaweeds

Fermentation, HTL,
anaerobic digestion
pyrolysis, gasification,
and transesterification

Bioethanol, butanol,
methane, hydrogen,

syngas, and biocrude

Cultivated in saline
water and requiring
less water than

terrestrial crops

Procurement of
government subsidies,
storage facilities, and

land-use change

., 2017;

Transesterification converts triglycerides of oil-based biomass to FAME by displacing alcohol from
an ester by another alcohol (Guldhe et al, 2015; Hassan & Kalam, 2013). Catalytic
transesterification is used for the production of biodiesel and can either be a homogeneous or
heterogeneous catalyst (Gog et al., 2012; Hassan & Kalam, 2013). Homogeneous catalysts

consist of alkali and acid catalysts whereas heterogeneous catalysts consist of enzymes, titanium
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silicates, alkali earth metal compounds and anion exchange resins (Hassan & Kalam, 2013).
Guldhe et al. (2015) proposed that the recent advances in the enzyme catalysis of biodiesel

resulted in a greener and sustainable approach that could be implemented on a large scale.

Pyrolysis, HTL, and lipid extraction are second-generation processes used in the production of
biofuel (Wang et al., 2018). Pre-drying of the biomass is essential to ensure economic feasibility

during lipid extraction and pyrolysis (Siddiquee & Rohani, 2011; Wang et al., 2018).

Lipid extraction has the following disadvantages: catalysts used are highly sensitive, polar
solvents used are not environmentally-friendly, a variety of side reactions could occur and a
significant amount of organic solvent are required making it expensive (Kwon et al., 2012;
Mulchandani & Westerhoff, 2016; Siddiquee & Rohani, 2011).

Pyrolysis is an environmentally-friendly process with the disadvantages of being an energy-
intensive process, for having a complex product stream, with the potential for corrosion occurring
in downstream equipment, and the production of gases requiring further treatment (Capodaglio &
Callegari, 2018; Chen et al., 2003; Guo et al., 2015; Serio et al., 2000).

HTL operations are based on pyrolytic mechanisms; however, its biocrude oil is different from the
biocrude oil produced by pyrolysis (Elliott et al., 2015). The HTL-biocrude occurs in a hydrophobic
phase that is more viscous, has a lower density, and less dissolved water compared to the
pyrolysis biocrude oil (Elliott et al., 2015). HTL has the main advantages of not requiring energy-
intensive dewatering and drying processes compared to pyrolysis and lipid extraction (Capodaglio
& Callegari, 2018; Mulchandani & Westerhoff, 2016).

2.3 Hydrothermal liguefaction

HTL takes place at temperatures ranging between 200 °C and 450 °C and pressures ranging
between 40 bar and 220 bar resulting in the production of biocrude oil, biogas, biochar and an
agueous effluent (Dimitriadis & Bezergianni, 2017; Elliott et al., 2015; Mulchandani & Westerhoff,
2016). The biomass composition, operating conditions, and the reactor configuration affect the
oxygen content, moisture content, higher heating values, and the yield of the biocrude oil
(Mathimani & Mallick, 2019). Processing of the biomass takes place in the presence of a water
environment at elevated temperature and pressure for the breakdown of the solid biopolymeric
structure (Elliott et al., 2015). Water in the biomass serves as a chemical reagent and reaction

medium for decomposing of reactions (Dimitriadis & Bezergianni, 2017; Yuliansyah et al., 2019).

According to Mathimani & Mallick, (2019), biomass with a high lipid content is preferred over a

high carbohydrate content since the protein-rich biomass can be converted efficiently to biocrude
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oil. Sewage sludge contains a significant amount of lipids that includes phospholipids,
diglycerides, triglycerides, monoglycerides, and FFAs (Kargbo, 2010). Furthermore, sewage
sludge is an excellent biomass for the production of biofuel due to the high lipid and fatty acid
content thereof (Kargbo, 2010). The membranes of the microorganisms inside sewage sludge
consists of phospholipids and are converted to FAME through acid and base catalysed
transesterification (Dufreche et al., 2007). The composition of the MSW depends on the time,
place of sampling, and the specific municipality (Alibardi & Cossu, 2015). The organic fraction of
the MSW mainly consists of carbohydrate-rich materials, protein and lipids; which can therefore
be used as a feedstock for HTL (Alibardi & Cossu, 2015; Kobayashi et al., 2012; Toor et al., 2011)

The conversion of biomass into biocrude oil depends on the following operating conditions:
temperature, pressure, catalyst, biomass to water ratio, solvent, and residence time (Akhtar &
Amin, 2011; Dimitriadis & Bezergianni, 2017; Kumar et al., 2018). The operating temperature
influences the yield and quality of the biocrude (Dimitriadis & Bezergianni, 2017; Kumar et al.,
2018). The biocrude yield increases as the operating temperature increases until the temperature
reaches a point where it suppresses liquefaction and the yield decreases (Dimitriadis &
Bezergianni, 2017; Kumar et al., 2018). The macromolecules of the biomass produce amino
acids from glycerol, protein, and reducing and non-reducing sugars of carbohydrates, and long-
chain fatty acids of lipids through hydrolysis at a temperature range between 0 °C and 100 °C
(Mathimani & Mallick, 2019). Deamination, degradation, and decarboxylation processes take
place in compounds such as fatty acids, amino acids and sugars at a temperature range between
100 °C and 200 °C (Mathimani & Mallick, 2019). Furthermore, at reaction temperatures above

200 °C long-chain fatty acids produce amide products.

At reaction temperatures above 250 °C, the biocrude yield decreases and the hydrolysed products
are hydrophilic (Akhtar & Amin, 2011; Mathimani & Mallick, 2019). On the further increase of the
operating temperature approaching or exceeding the critical point of water, gas formation takes
place, the macromolecules of the biocrude polymerise to form coke, and the reduction of the
organic product in the aqueous phase occurs (Cao et al., 2017; Mathimani & Mallick, 2019). This
increased reaction temperature leads to a reduction in the biocrude oil yield, and an increase in

the biochar and gas yield (Cao et al., 2017).

According to the literature, there is no optimum operating temperature for HTL (Cao et al., 2017),
as it depends on the feedstock, the solvent, and the catalyst used (Cao et al., 2017; Kumar et al.,
2018; Mathimani & Mallick, 2019). Reaction temperatures of 300 °C and 340 °C are
recommended for the increased production of biocrude and biochar, respectively (Kumar et al.,
2018). Depending on the feedstock the biocrude yield will be at a maximum at a temperature

range between 280 °C and 300 °C and gradually decrease as the temperature increases (Akhtar
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& Amin, 2011; Cao et al., 2017). Xu et al. (2018) investigated the HTL of sewage sludge at
different temperatures showing that by increasing the reaction temperature, the biocrude yield
increased to a maximum yield at 340 °C. Minowa et al. (1995) compared the biocrude yield at
different temperatures and obtained a higher yield at 300°C than at 250 °C, as can be seen in
Table 2.2.

The operating pressure reduces high energy costs by preventing a two-phase system and
maintains the water in the liquid phase (Akhtar & Amin, 2011; Cao et al., 2017; Mathimani &
Mallick, 2019). High pressures keep water in a single phase at supercritical and subcritical states,
preventing phase transition (Akhtar & Amin, 2011; Cao et al., 2017; Dimitriadis & Bezergianni,
2017). An increase in pressure will increase water density and result in effective biomass
extraction (Cao et al., 2017; Elliott et al., 2015; Mathimani & Mallick, 2019). An increase in
temperature will increase the pressure, thereby increasing polymerisation of the HTL products
and coke formation (Cao et al., 2017). If the reaction temperature decreases the pressure will
also decrease resulting in a decrease in the biocrude yield and incomplete HTL reactions (Cao et
al., 2017; Elliott et al., 2015).

The residence time influences the HTL conversion efficiency and product yield (Cao et al., 2017,
Elliott et al., 2015; Mathimani & Mallick, 2019). Residence time is the period of time for which the
desired temperature is maintained in the reactor (Kumar et al., 2018; Mathimani & Mallick, 2019).
The threshold of the residence time depends on the biomass, operating conditions, and the
catalyst (Dimitriadis & Bezergianni, 2017). A residence time of 5 to 30 minutes is recommended;
if the residence time goes beyond this threshold the biocrude yield will decrease (Wang et al.,
2018). Shorter residence times significantly reduces costs and increases high biocrude yields,
whereas longer residence times increase the production of biochar, aqueous product and biogas,
thereby reducing the biocrude yield (Dimitriadis & Bezergianni, 2017; Elliott et al., 2015; Kumar
et al., 2018; Mathimani & Mallick, 2019). Minowa et al. (1995) investigated the biocrude yield at a
temperature of 300 °C at different residence times and the results indicated that the yield was the

highest at a residence time of 6 minutes, as seen in Table 2.2.

The addition of a catalyst reduce reaction temperature and pressure, inhibits side reactions,
increase reaction rates, reduces the biochar yield, and improves the quality and yield of the
biocrude oil (Cao et al., 2017; Dimitriadis & Bezergianni, 2017; Kumar et al., 2018). The catalyst
loading influences HTL effectiveness and suppresses the formation of the biochar while
increasing the biocrude yield (Cao et al.,, 2017; Dimitriadis & Bezergianni, 2017). Both
heterogeneous and homogeneous catalysts are used during HTL. There are two types of
heterogeneous catalysts, namely metal catalysts, and supported catalysts. Heterogeneous
catalysts are also used for thermal gasification as they are more resistant to harsh reaction
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conditions (Kumar et al., 2018; Mathimani & Mallick, 2019). Homogeneous catalysts includes both
acid and alkali catalysts. According to Cao et al., (2017), biocrude oil has a higher oxygen content
when acid catalysts are used. Alkali catalysts decreases biochar formation, inhibit biological
molecule dehydration, increases the pH of the liquid, and promote decarboxylation and water-
gas conversion (Cao et al., 2017; Kumar et al., 2018). It is expensive and difficult to recover

homogeneous catalysts (Kumar et al., 2018; Mathimani & Mallick, 2019).

Water is the most common solvent used in HTL; it stabilises free radicals, is environmentally
friendly, and improve the quality of the biocrude oil (Dimitriadis & Bezergianni, 2017; Xue et al.,
2016). Organic solvents used include ethanol and methanol. Ethanol and methanol have a lower
critical point compared to water, and therefore milder reaction conditions are required (Dimitriadis
& Bezergianni, 2017). High water to biomass ratios increase the biocrude yield and as the reaction
reaches or goes beyond the critical point of the liquid the yield will decrease due to hydrolysis and
repolymerisation reactions (Dimitriadis & Bezergianni, 2017; Xue et al., 2016). According to Xue
et al. (2016), although an increase in water will not always increase the biocrude vyield, it will
reduce the formation of biochar and increase HTL costs. Various operating conditions of organic
waste and sewage sludge were investigated as shown in Table 2.2.

For this study, a reaction temperature of 300 °C was chosen with a residence time of 20 minutes.
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Table 2. 2: Various operating conditions of organic waste and sewage sludge during HTL

Biomass Solvent Temgerature ReS|den_ce time Biomass: water Biocrude vyield Source
®) (min) (mass %)

Pinus (leaves of pine tree) water 300 30 1:10 33 (Cao et al., 2016)
Pinus (bark of pine tree) water 300 30 1:10 43 (Cao et al., 2016)
Household (organic waste) - 300 6 - 17 (Minowa et al., 1995)
Household (organic waste) - 250 6 - 5 (Minowa et al., 1995)
Household (organic waste) - 250 30 - 9 (Minowa et al., 1995)
Household (organic waste) - 300 30 - 16 (Minowa et al., 1995)
Sewage sludge (dry) methanol 280 20 - 32.78 (Huang et al., 2014)
Sewage sludge (dry) methanol 300 20 - 30.96 (Huang et al., 2014)

70 g sewage
Wet sewage sludge water 300 20 and 200 ml of 33.2 (Li etal., 2018)
water
70 g sewage
Wet sewage sludge water 340 20 and 200 ml of 37.1 (Li etal., 2018)
water
Sewage sludge (dry) water 300 40 15 46 (Malins et al., 2015)
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The composition of the HTL products are determined using chemical analysis technigues such
as quantitative and qualitative gas chromatography/mass spectrometry (GCMS) analysis, total
acid number, total organic carbon, total nitrogen, and elemental analysis (Madsen et al., 2018;
Madsen et al.,, 2017a, Zhang, et al.,, 2017). GCMS analysis is used to identify different
components in the biocrude oil such as alcohols, carboxylic acids, amines, cyclic oxygenates,
phenolics, benzenediols, fatty acids, hydrocarbons, and monoglycerides (Madsen et al., 2018).
For this study, the biocrude will be analysed using the following analysis techniques: GCMS,
calorific value, Karl Fischer coulometric titration, gel permeation chromatography (GPC), Fourier-

transform infrared spectroscopy (FTIR), and proximate and elemental analyses.

According to the literature, the following analyses are conducted to determine the composition of
the biochar: thermogravimetric analysis (TGA), HHV, FTIR, proximate and elemental analyses
(Lai et al., 2018; Leng et al., 2015). For this study, the biochar will be characterised by means of
the following analyses: higher heating value (HHV), proximate and elemental analyses.

HTL produces a biocrude product consisting of phenols, acids, cyclic ketones, alcohols, methoxy-
phenols, naphthols and benzofurans (Elliott et al., 2015; Kumar et al., 2018). Compared to
petroleum fuel, biocrude has the following unwanted properties: high water content, high viscosity,
corrosiveness, and a high ash and oxygen content (Xiu & Shahbazi, 2012). Furthermore, these
unwanted properties have limited the application of biocrude oil unless upgraded (see discussion
in Section 2.6).

2.4 Biodiesel

Biodiesel is used as an alternative to conventional fuel to reduce environmental impact, improve
lubricity, and does not require any engine modifications (Hassan & Kalam, 2013). Furthermore,
biodiesel is safe, biodegradable, non-toxic, has a high flash point and does not contain sulphur
and aromatic components (Azécar et al., 2010; Vyas et al., 2010). Biodiesel is a term used to
refer to a diesel fuel that consists of monoalkyl esters of long-chain fatty acids that are derived
from a biological source (Hassan & Kalam, 2013). The main disadvantages of biodiesel are that
it is corrosive, has high NOx emissions, a high pour and cloud point, high viscosity, and that it is
not cost-competitive compared to conventional diesel (Hassan & Kalam, 2013). Furthermore, the

high pour and cloud point result in the freezing of the biodiesel during winter.

Biodiesel quality is determined according to its chemical and physical properties (Robles-Medina
et al., 2009). In South Africa, fuel is classified as biodiesel once it meets the specification of the
established South African national standard for automotive biodiesel (South African National
Standards, 1935) The biodiesel standard is shown in Table 2.3.
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Table 2.3: South African National Standards for FAME (South African National Standards, 2011)

Property Unit Minimum  Maximum Test Method
FAME content % (m/m) 96.5 - EN 14103
' EN ISO 3675
Density at 15 °C kg/m? 860 900
EN ISO 12185
Kinematic viscosity at 40 °C mm?/s 3.5 5.0 EN ISO 3104
_ EN ISO 2719
Flash point °C 101 -
EN I1SO 3679
EN ISO 20846
Sulphur content mg/kg - 10
EN ISO 20884
Cetane number - 51 - EN ISO 5165
Water content mg/kg - 500 EN ISO 12937
o 3 EN 15751
Oxidation stability at 110 °C hour 6.0 -
EN 14112
Acid value mg KOH/g - 0.50 EN 14104
Methanol content % (m/m) - 0.20 EN 14110
Monoglyceride content % (m/m) 0.8 EN 14105
Diglyceride content % (m/m) - 0.2 EN 14105
Triglyceride content % (m/m) 0.2 EN 14105
EN 14105
Free glycerol % (m/m) - 0.02
EN 14106
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2.5 Feedstock for biodiesel production

Vegetable oils, waste cooking oils, and animal fat are the primary feedstocks used in the
production of biodiesel (Azécar et al., 2010; Bankovi¢-lli¢ et al., 2012). The feedstock choice
depends on the oil content, feasibility, and process chemistry (Ghaly et al., 2010; Karmakar et al.,
2010). The chemical and physical properties of the feedstock that affect the biodiesel production
and its quality are the FFA content, impurities, moisture, unsaponifiable and calorific content
(Karmakar et al., 2010). The FFA content refers to the number of fatty acids in the feedstock
which is not connected to triglyceride molecules (Karmakar et al., 2010). Additionally, the FFA
reacts with alkali that leads to soap formation during transesterification. The calorific content of
the biodiesel refers to the energy content (Karmakar et al., 2010). Furthermore, the moisture
content, impurities and unsaponifiable content refer to the filterable solids, amount of water, and
non-triglycerides that cannot be converted into monoalkyl fatty esters.

Edible oils used in the production of biodiesel include sunflower, palm, rapeseed and soybean
oils (Azocar et al., 2010; Karmakar et al., 2010). The main advantage of using edible oils as
feedstock in biodiesel production is their low saturation level and low FFA content (AzOcar et al.,
2010). However, their main disadvantage is the high feedstock costs, inferior storage, and
production of inadequate amounts for both human consumption and biodiesel production
(Ashraful et al., 2014; Bankovic¢-lli¢ et al., 2012). Additionally, non-edible oils are less expensive
compared to edible oils with plantation costs as their main disadvantage (Azécar et al., 2010; Gui
et al., 2008). Other promising feedstocks considered for biodiesel production include waste
grease, waste frying oil, microalgae, and biocrude (Az6car et al., 2010; Karmakar et al., 2010).
Biocrude is a biofuel used as a combustion fuel in boilers, burners and furnaces or as an
alternative to conventional fuel after upgrading (Xiu & Shahbazi, 2012). Biocrude is upgraded

through esterification, transesterification, hydrotreating or hydrocracking.
2.6 Biocrude upgrading methods for biofuel production

Biocrude oil has a high viscosity, low heating value, high corrosiveness, and high water and ash
content preventing it from being directly used as a transportation fuel (Xiu & Shahbazi, 2012). The
chemical composition of biocrude depends on the following HTL reaction conditions: temperature,
feedstock type, residence time, solvent used, and gas used for the reaction (Ramirez et al., 2015).
In addition, the choice of biomass has a significant effect on the chemical composition of biocrude
compared to the other conditions. The methods used for the upgrading of biocrude oil, including

advantages as well as disadvantages, are listed in Table 2.4.
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Table 2.4: Advantages and disadvantages of various biocrude upgrading methods

Method Advantages Disadvantages Source
_ Inexpensive, mild reaction Poor quality fuel, low biodiesel (Baloch et al., 2018; Xiu &
Hydrotreating N o _ _ _ _ _
conditions and commercialised yield, and high coking tendencies Shahbazi, 2012)
Expensive, reactor clogging,
_ Produces large quantities of light severe reaction conditions; (Baloch et al., 2018; Xiu &
Hydrocracking

Esterification and

transesterification

Emulsification

product

Most practical, high biodiesel
yield, inexpensive, fuel properties
closer to those of diesel and can

be used for industrial applications

Simple and less corrosion

catalyst deactivation, and

requiring complicated equipment

Side reactions, low water and FFA
content required, and
mechanisms involved with solvent

addition needs further research

Expensive, time-consuming, and

requiring high amounts of energy

Shahbazi, 2012)

(Baloch et al., 2018; Gui et al.,

2008; Lin et al., 2011; Xiu &
Shahbazi, 2012)

(Baloch et al., 2018; Xiu &
Shahbazi, 2012)




According to Lin et al. (2011), of the available methods, transesterification is the most promising
technique for industrial application, is inexpensive, and decreases the high viscosity of the
biocrude. The addition of polar solvents during esterification and transesterification reduces the
viscosity, acidity and corrosiveness and improves the volatility, stability and heating value of the
biocrude (Baloch et al., 2018; Xiu & Shahbazi, 2012). The viscosity decreases due to the chemical
reactions between the solvent and biocrude, changing the biocrude microstructure and physical
dilution that affect the reaction rate (Xiu & Shahbazi, 2012). Also, the heating value increases due

to the HHV of the solvent used during esterification and transesterification.
2.7 Transesterification

During transesterification, the triglycerides react with an alcohol in the presence of a catalyst to
form monoalkyl esters and glycerol (Guldhe et al., 2015). In addition, transesterification is also
known as alcoholysis. Methanol is the most inexpensive alcohol frequently used as an acyl-
acceptor that are stoichiometrically added to the biocrude oil (Ghaly et al., 2010; Guldhe et al.,
2015; Leung et al., 2010). For the conversion of one mole triglycerides into FAME, the reaction
requires three moles of methanol, but excess methanol drives the reaction forward (Guldhe et al.,
2015). The catalysts used for transesterification are divided into the following categories: acidic,
alkali, and biological (Gog et al., 2012). The three different catalysts and their advantages, as well

as disadvantages, are listed in Table 2.5.

Table 2.5: The advantages and disadvantages of the alkali, acidic and biological catalysts used in transesterification

Category Type Advantages Disadvantages Source

Requires low FFA

High catalytic activity content, saponification,

and yield, favourable anhydrous conditions, (Gog et al., 2012;
kinetics, fast reaction generates wastewater, Guldhe et al.,
Homogenous ] ) o
rate, inexpensive and  difficult catalyst recovery, 2015; Leung et
mild operating product purification al., 2010)
_ conditions required, and emulsion
I .
= formation
<
More severe reaction
Long catalyst life, non- conditions and energy (Gog etal., 2012;
. ) . Guldhe et al.,
Heterogenous  Corrosive, recyclable; requirements,
high selectivity and saponification, 2015; Leung et
al., 2010)

yield, reusability, and  expensive, large amount

of wastewater, and
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Acidic

Biological

environmentally
friendly

No soap formation,
medium yield and
reaction rate,
Homogenous inexpensive and
simultaneous
esterification, and

transesterification

Recyclable,
environmentally
friendly, high yield,
Heterogenous reusability,
simultaneous
esterification, and

transesterification

No soap formation,
high yield, low energy

requirements, high
Enzymes product purity,
reusability, and
environmental

friendliness

requirement of high
alcohol to oil molar ratios

Corrosion of equipment,
requirement of product
purification, difficult to

recycle, more severe
reaction conditions and

energy requirements,
long reaction residence
time, and weak catalyst

activity

Expensive, diffusion
limitations, corrosion of
equipment, high energy

requirements, low
microporosity, and low

acid site concentrations

Expensive, alcohol
inhibition and

denaturation

(Gog et al., 2012;
Guldhe et al.,
2015; Leung et
al., 2010)

(Gog et al., 2012;
Guldhe et al.,
2015; Leung et
al., 2010)

(Gog et al., 2012;
Guldhe et al.,
2015; Leung et
al., 2010)
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The acidic and alkali catalysts include heterogeneous and homogenous catalysts (Gog et al.,
2012; Leung et al., 2010). Biological catalysts require mild operating conditions, has a lower
energy consumption and the separation and purification of the product are easier compared to
chemical catalysts (Guldhe et al., 2015). However, biological catalysts are less used for industrial
application due to their high costs and long reaction times (Guldhe et al., 2015; Leung et al.,
2010). The high cost and long reaction time associated with the enzyme catalysts are mitigated
by the reusability and operational stability of the newly developed biological catalyst known as
immobilised lipase (Gog et al., 2012; Leung et al., 2010). The different immobilisation methods
used in biodiesel production consist of adsorption, entrapment, cross-linkage, encapsulation, and
covalent bonding (Amini et al., 2017a; Ghaly et al., 2010; Tan et al., 2010). However, adsorption



is the most widely used technique, is inexpensive and has less mass transfer limitations compared
to entrapment and crosslinking (Guldhe et al., 2015). The advantages and disadvantages of the

different immobilisation methods are listed in Table 2.6.

Table 2.6: Comparing the advantages and disadvantages of the various immobilisation techniques (Tan et al., 2010)

Method Advantages Disadvantages

Weak interaction between
Inexpensive, mild preparation  carrier and lipase, sensitive

conditions, most widely used to pH and temperature, small

Adsorption . _ . )
technique and carrier can be adsorption capacity and a
regenerated for reuse possibility that the protein can
be stripped from the carrier
Rigorous preparation
Covalent bond Stable conditions, some of the
coupling agents are toxic
Mild preparation conditions,
Entrapment the method is used for a Mass transfer limitations
variety of carriers and lipases
Stable with a strong .
o _ _ Low mechanical strength,
Crosslinking interaction between the

_ _ harsh conditions
lipase and carrier

Adsorption consists of the attachment of an enzyme to the surface of a carrier by weak
hydrophobic interactions, and van der Walls and dispersion forces (Ghaly et al., 2010; Tan et al.,
2010). The main limitations associated with adsorption is low enzyme stability resulting in low
conversions when the enzyme is reused, and the risk of the enzyme being stripped off the support
(Ghaly et al., 2010). The enzyme is stripped of the support during the transesterification reaction
due to high amounts of glycerol and direct shear between the support and impeller since the
adsorption involves weak forces (Ghaly et al., 2010; Jegannathan et al., 2008). N435 is the most
thoroughly investigated and commonly used immobilised lipase which provides significantly high
reaction yields (Amini et al., 2017a; Fukuda et al., 2001; Gog et al., 2012).

25



_As discussed in literature, N435 is immobilised through adsorption on a microporous acrylic resin
that can absorb polar compounds when it is regenerated, which leads to enzyme deactivation
(Amini et al., 2017; Chen & Wu, 2003; Gog et al., 2012). Laszlo et al. (2011), investigated lipase
regeneration and indicated that immobilised lipases like N435 may be effectively reused and has
a tolerance for polar and non-polar solvents. Regenerated N435 is provided with a protective

shield by the regenerated solvent that minimises methanol deactivation (Nguyen et al. 2017).
2.8 Parameters affecting biocatalytic transesterification

The FAME vyield is affected by several conditions such as reaction temperature, catalyst loading,
alcohol to oil molar ratio, and reaction time (Amini et al., 2017a). The effects of the operating
conditions vary for each specific system and therefore the optimum operating conditions have to
be determined for each system to ensure a high FAME yield (Amini et al., 2017b; Motasemi &
Ani, 2012).

2.8.1 Oil to alcohol molar ratio

The transesterification reaction requires three moles of alcohol for the conversion of one mole of
triglycerides to produce three moles of FAME and one mole of glycerol (Fukuda et al., 2001;
Leung et al., 2010). An excess amount of alcohol drives the reaction forward which ensures a
larger FAME yield and a shorter reaction time. Moreover, if the alcohol to oil molar ratio increases
beyond the optimum ratio the yield will increase as well as the alcohol recovery costs (Fukuda et
al., 2001; Leung et al., 2010). Transesterification experiments are conducted at a starting

methanol to oil molar ratio of 3:1 (Rathore et al., 2016).

A major obstacle for enzymatic transesterification is lipase inactivation due to excess methanol
(Yan et al., 2014). However, lipase inactivation can be avoided by the continuous or stepwise
addition of methanol (Gog et al., 2012; Norjannah et al., 2017). Shimada et al. (1999) found that
N435 was the most effective immobilised lipase for methanolysis. Karmee et al. (2018)
investigated the influence of the methanol to oil molar ratio of spent coffee ground biocrude oil
catalysed by N435. In addition, the ratios were varied from 1:1 to 1:10 until an optimum FAME
yield of 96 % was obtained at a ratio of 1:5. The FAME vyield gradually decreased at higher
methanol to oil molar ratios due to the inactivation of the lipase catalyst caused by the increase
in the polarity of the medium (Karmee et al., 2018; Rodrigues et al., 2008). Other authors also

investigated the influence of the methanol to oil molar ratio as seen in Table 2.7.
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Table 2.7 :The effect of methanol to oil molar ratio on FAME yield

Amount )
The molar ratio _
of N435 _ Temperature Residence _
Feedstock of oil to _ Observation Source
(mass (°C) time (h)
methanol
%)
The optimum yield was obtained
Spent coffee ground 10 1:1-1:10 40 6 _ (Karmee et al., 2018)
at a molar ratio of 1:5
Lipid from food The highest yield was observed
10 1:3-1:10 40 6 _ (Karmee et al., 2015)
waste at a molar ratio of 1:5
_ The optimum yield was obtained _
Sunflower oll 15 1:3-1:12 30 6 _ (Rodrigues et al., 2008)
at a molar ratio of 1:5
_ The highest yield was observed B
Cottonseed oll 30 1:1-1:6 40 7 (Kdse et al., 2002)

at a molar ratio of 1:4
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The reaction rate and FAME yield of the transesterification reaction are both affected by the lipase
catalyst loading (Mathiyazhagan & Ganapathi, 2011; Yadav & Devi, 2004). Furthermore, an
increase in the catalyst loading will increase the FAME vyield and the reaction rate until a limit is
reached, then the loading will have no further effect on the conversion efficiency and the yield will
decrease (Ribeiro et al., 2011; Taher & Al-Zuhair, 2017; Tran et al., 2012). It is not economically
feasible to choose the highest catalyst loading since lipase catalyst is expensive and therefore

the optimisation of catalyst loading is important (Taher & Al-Zuhair, 2017; Tran et al., 2012).

Karmee (2018) studied the influence of varying the N435 catalyst loading on methanolysis of
Manilkara zapota (L.) seed oil ranging from 5 mass % to 25 mass %. In addition, the reaction in
his study took place at the operation conditions of 3:1 methanol to oil molar ratio, a temperature
of 40 °C and a reaction time of 4 hours. The optimum FAME vyield was obtained at a 10 mass %
catalyst loading. According to Taher & Al-Zuhair (2017), studies on N435 indicated that the effect
of catalyst loading becomes significantly less above 20 mass %.

2.8.2 Reaction temperature

Esterification and transesterification reactions are conducted at relatively low temperatures to
prevent lipase inactivity (Gog et al., 2012). The FAME vyield is rarely influenced by fluctuations in
reaction temperature between 20 °C and 70° C and therefore the optimum temperature for lipases
esterification and transesterification is in general between 30 °C and 60 °C (Ghaly et al., 2010;
Gog et al., 2012). Furthermore, the optimum temperature of immobilised lipases is higher than
for free lipases (Ghaly et al., 2010). The optimum temperature depends on lipase stability, type
of organic solvent used, reaction rate, and the methanol to oil molar ratio (Ghaly et al., 2010;
Szczesna Antczak et al., 2009). Various authors have investigated the influence of the reaction
temperature on the FAME vyield as seen in Table 2.8. Most authors indicated that the optimum

temperature is between 30 °C and 50 °C.
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Table 2.8: The effect of reaction temperature on FAME yield

Amount )
The molar ratio _
of N435 ) Temperature Residence )
of oil to _ Observation Source
(mass range (°C) time (h)
methanol
%)
A mixture of _ _ _
The optimum yield was obtained at _
soybean and 4 1:1 20-60 6 (Shimada et al., 1999)
_ a temperature of 50 °C
rapeseed oil
Lipid from food The highest yield was obtained at
10 15 30-60 (Karmee et al., 2015)
waste 40 °C
_ The optimum yield was obtained at _
Sunflower oll 15 15 20-50 6 (Rodrigues et al., 2008)
a temperature of 30 °C
_ The highest yield was observed at
Cottonseed oil 30 1:4 20-60 (Kose et al., 2002)

a temperature of 50 °C
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2.8.3 Reaction time

During transesterification the reaction rate is initially slow due to the dispersion of biocrude and
alcohol (Mathiyazhagan & Ganapathi, 2011). Furthermore, as the reaction proceeds the fatty acid
ester conversion increases as the reaction time increases. Once the reaction has reached the
highest FAME yield at the optimum reaction time, a further extension of the reaction time will lead
to a decrease in FAME yield due to the reversibility of the transesterification reaction (Leung et
al., 2010; Mathiyazhagan & Ganapathi, 2011).

Karmee et al. (2018) observed the influence of varying the reaction time from 0.5 to 24 hours on
the transesterification reaction of spent coffee ground. In addition, the reaction in his study took
place at the operating conditions of 5:1 methanol to oil molar ratio, a temperature of 40 °C and a
catalyst loading of 10 mass %. Karmee et al. (2018) and other authors reported that optimal
reaction time can vary between 7 and 72 hours (Amini et al., 2017a; Karmee, 2018; Kose et al.,
2002; Kumar et al., 2015; Shimada et al., 1999).
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