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AN ABSTRACT OF THE DISSERTATION OF

Elyssa Georges Fawaz  for Doctor of Philosophy
Major: Environmental and Water Resources Engineering

Title: Biodiesel Production from Waste Frying Oil Using Heterogeneous
Transesterification Process

Strategies to improve molecular diffusion limitations of HZSM-5 zeolites were investigated
for the production of biodiesel. Zeolite crystals with short diffusion length and hierarchical
porosity were compared with conventional coffin-shaped microcrystals for their catalytic
activity in terms of acidic properties and pore structure. As-synthesized catalytic materials
were characterized with instruments including XRD, SEM, TEM, BET/BJH porosimetry
analysis, X-Ray fluorescence, and FTIR. Esterification of linoleic acid as a model reaction
for biodiesel production and transesterification reactions were carried out at different
reaction conditions (reaction time, reaction temperature, methanol to oil molar ratio, and
catalyst loading) to investigate the effect of the reaction parameters on the behavior of the
zeolite catalysts. The reactions were successfully catalyzed using hierarchical HZSM-5
zeolite catalysts produced in nanosheet and nanosponge morphologies as compared to
highly acidic conventional big and nano-crystals of HZSM-5 zeolites. Improved
accessibility and molecular transport of reactants from the outer mesoporous surface to the
intrinsic active zeolitic framework resulted in achieving high conversions of 95.12 % for
linoleic acid transesterification and 48.29 % for waste frying oil using HZSM-5 nanosheets
at 4 h reaction time, 10 wt% catalyst loading, respective 6:1 and 12:1 methanol to linoleic
acid/waste frying oil molar ratio and 180 °C. Although highly acidic, HZSM-5
nanosponges did not operate to their full potential as compared to HZSM-5 nanosheets
given their higher hydrophilicity which favored water and glycerol adsorption to their
surface and resulted in lower coverage of the less polar reactants. The correlation between
the surface hydrophobicity and acidity of the zeolites with different Si/Al ratios and their
catalytic performance was also assessed for biodiesel production. It was shown that Si/Al
ratio of HZSM-5 zeolites determines their acidity and hydrophobic character with a
combined effect on the esterification reactions. In addition, in economic feasibility on
biodiesel production from waste frying oil in Lebanon using homogeneous catalysis was
studied. By interacting with local authorities and creating a more covered supply chain
coordination system, it would be possible to successfully reuse waste frying oil for the
production of biodiesel on a national scale for the long term, and reduce the environmental
damages caused by their disposal.
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CHAPTER 1
INTRODUCTION

1.1 Biodiesel Production Using Zeolites: General Introduction

Biodiesel is an alternative fuel to the depletable petroleum diesel (Demirbas, 2005).
Biodiesel from non-edible or waste renewable resources is most attractive as it reduces
biodiesel production cost and greenhouse gas emissions in comparison with its production
from crude vegetable oils. Also, it has the advantage of being biodegradable and nontoxic
(Baskar and Aiswarya 2016; Zivkovié et al. 2017). Various technologies and catalysts can
be used for the production of biodiesel. Conventionally, biodiesel is produced using
homogeneous mineral acid or alkali catalysts depending on the free fatty acid (FFA)
content of the oil feedstock. However, one of the major disadvantages of homogeneous
catalysts is that they cannot be regenerated unless more equipment is available for their
separation, which results in higher production costs (Lourinho and Brito 2015; Tan et al.,
2015). In addition, a large amount of wastewater is produced in the biodiesel purification
step, which makes the process not environmentally friendly (Veljkovi¢ et al., 2015).

The use of solid heterogeneous catalysts is an appropriate solution to overcome the
issues associated with homogeneous catalysts (Salamatinia et al. 2013). Basic solids like
CaO and MgO supported on alumina (EI-Gendy et al., 2014), and acid heterogeneous
catalysts such as sulfated zirconia (Thiruvengadaravi et al. 2012) have been used in
biodiesel production from oils. Nonetheless, one of the major problems related to
heterogeneous catalysts is the formation of three phases with the alcohol and the oil, which

leads to diffusion limitations, lowering thus the rate of the reaction (Zabeti et al., 2009).



Catalysts with higher surface area are needed to overcome diffusion limitations and low
catalytic activity.

Zeolites are microporous crystalline metallosilicates which possess molecular sieve
and shape selective properties. They have found widespread applications in catalytic
reactions, such as the transesterification of oils, due to their high surface area, and their
controllable acidity, basicity, and hydrophobicity (Leclercq et al., 2001; Macario et al.
2010; Wang and Chen 2016). However, although the presence of ordered micropores in
zeolitic materials enhances their acidity, their sole presence seems to impose
intercrystalline diffusion limitations, contributing to the low usage of the zeolite active
volume by hindering molecules’ mass transfer (Taguchi and Schiith 2005; Tao et al. 2013).
These properties set limitations for their use in the conversion of big molecules as the latter
can’t access acidic active sites within the pores of the zeolites rendering their catalytic
performance during the transesterification reaction low (Kiss et al., 2006). In order to
overcome this diffusion limitation, recent interest has emerged in synthesizing more
accessible zeolitic catalysts (Sun et al., 2015). Two approaches including shortening
micropores diffusion path length and introducing an additional (meso)porosity within the
microporous zeolite crystal were adopted in this study to improve accessibility of molecules

to the active sites confined in zeolites and enhance biodiesel production yield.

1.2 Thesis Objectives
In the present study, strategies leading to improved accessibility of the active sites
confined within ZSM-5 zeolites framework for biodiesel production are proposed and

applied. The main objective is to develop hierarchical acidic ZSM-5 zeolites for better



catalytic performance in biodiesel production by shortening the micropore diffusion path
and by introducing an additional (meso)porosity within the microporous zeolite crystal. A
second objective is to compare hierarchical zeolites to conventional ones in terms of their
catalytic activity, hydrophobicity and selectivity. A third objective is to deliver a way to
better understand the behavior of the catalysts produced under different transesterification
conditions leading to optimal production that will subsequently enhance biodiesel yield and
purity for commercially viable applications. A fourth objective is to assess the economic
viability of the use of waste frying oils for biodiesel production in Lebanon using

conventional one-step basic transesterification reactions.

1.3 Thesis Significance

Produced from post-consumer waste product, biodiesel derived from WFOs
constitutes a green liquid fuel of dual environmental and economic value. Besides reducing
the economy's dependency on limited resources and imports of petroleum-based diesel,
WFOs-based biodiesel also helps reducing the amount of waste oil dumped into landfills
and sewers. This ultimately contributes in mitigating a major environmental problem in
Lebanon associated with the uncontrolled disposal of the waste oils. Furthermore, the use
of biodiesel as alternative fuel to petroleum diesel significantly reduces the emission of
harmful air pollutants improving air quality in Lebanon. In fact, a recent report on the first
look on economic costs to Lebanon from Climate change was developed by the MoE
(2015) and estimated the total costs might equal USD 1,900 million in 2020, rising to USD

138,900 million in 2080.



Considering that the water and FFA content have a negative influence on the
homogeneous transesterification reaction, many heterogeneous catalysis transesterification
using microporous zeolite have been assessed both qualitatively and technically. This study
suggests using mesoporosity within zeolite framework to lower diffusion limitations and
optimize the transesterification process. This study does not only provide a way to
eliminate the drawbacks of homogeneous and zeolites nanocrystals’ catalysis, but it also
delivers a way to better understand the behavior of the catalyst under different
transesterification conditions leading to optimal production that will subsequently enhance

biodiesel yield and purity for commercially viable applications.

1.4 Thesis Organization

This thesis is paper-based and organized as follows:

In Chapter 2, a comprehensive overview of biodiesel production using different
catalysts, focusing on the potential benefits and challenges of heterogeneous zeolitic
catalysis are presented.

In Chapter 3, economic viability of the use of waste frying oils for biodiesel
production in Lebanon using conventional one-step basic transesterification reactions is
evaluated.

In Chapter 4, the influence of crystal morphology (conventional coffin-shaped
microcrystals, nanocrystals, nanosheets, and nanosponges) on the catalytic properties of
ZSM-5 zeolites in the esterification of linoleic acid as a model reaction for biodiesel

production is investigated.



In Chapter 5, a comparison between the catalytic activity of conventional ZSM-5
conventional coffin-shaped microcrystals and nanocrystals, and hierarchical ZSM-5
nanosheets, and nanosponges, in the transesterification of waste frying oils is studied.

In Chapter 6, the correlation between surface hydrophobicity and acidity of ZSM-5
zeolites with different Si/Al ratios and their catalytic performance in linoleic esterification
1s assessed.

Chapter 7 summarizes the important conclusions and discusses future work.



CHAPTER 2

BIODIESEL PRODUCTION USING ZEOLITE CATALY STS— REVIEW

In this chapter, benefits and challenges in various transesterification paths used for
the production of biodiesel are discussed. Information regarding chemical and physical
characteristics of oil feedstock to help determine the proper and most efficient catalytic
method for biodiesel production are presented. Various catalysts used in biodiesel
production are investigated focusing on zeolitic catalysts. Influence of transesterification
reaction conditions using zeolitic catalysts such as, temperature, alcohol to oil ratio, catalyst
loading, and reaction time are debated. And finally, zeolites production and characterization

for catalytic activities in biodiesel production are explained.

2.1 Sources of Biodiesel Feedstock

Feedstock selection is a crucial step in biodiesel production, which affects yield,
composition, purity and cost of the produced biodiesel (Gude et al., 2013; Mahdavi et al.,
2015). Biodiesel is classified based of the source of the raw material used for its
production; edible oil seeds, non-edible oil crops, waste oils, algae and genetically
engineered oil crops.

The nature and availability of edible oil seeds depends on the geographical
condition of the region (Singh & Singh, 2010). Biodiesel produced from oil seeds such as
soybean, rapeseed and palm oil seeds seem to be economically sustainable in countries rich
in fertile lands and accessible water resources (Panichelli et al., 2009). However, due to

land use change, food crop cultivation will be reduced at the expense of edible food crops



used for biodiesel production and consequently, become high priced and unavailable for all
classes of populations (Harvey and Pilgrim 2011).

Taking the above reasons into consideration, attention has turned to non-edible oils,
such as non-edible energy crops and waste frying oils (WFOs), as feedstock sources for the
production of biodiesel (Chakraborty & Das, 2012; Phan & Phan, 2008; Nik et al., 2012).
There are two types of WFOs: brown and yellow grease. Brown grease has a high water
and FFAs content (> 15%), while yellow grease contains lower FFAs content (< 15%) and
can be used as a low cost raw material for biodiesel production (Adewale et al., 2015). The
amount of yellow grease WFOs could be significant since over 80% of the vegetable oils
are used in different food applications (Rosillo-Calle et al., 2009). Therefore, aside from the
low cost of biodiesel production from WFOs, the use of waste raw materials doesn’t
compete with either land use, water or food supply (Akia et al., 2014). Biodiesel production
from microalgae was assessed in different studies (Beetul et al., 2014; Talebi et al., 2015).
Nonetheless, the cost of biodiesel produced does not compete with the cost of diesel fuel
(Chisti 2013). Therefore, biodiesel produced from WFOs feedstock is the most viable
economically and sustainable environmentally to be used as an alternative to petroleum
diesel.

WFOs are characterized by their chemical and physical properties. They are waste
of edible vegetable oils and their chemical and physical characteristics are different from
those of vegetable oils as a result of the changes that occur during the frying process
(Cvengros and CvengroSova 2004). They consist mostly of triglycerides and FFAs that vary
in their carbon chain length and in the number of double bonds (Orsavova et al., 2015).

Vegetable oils along with their chemical and physical properties are listed in APPENDIX



A: Table A. The chemical composition of vegetable oils dictates their viscosity which is
around 14 times higher than that of petroleum diesel (Goering et al., 1982). The higher
density and viscosity of fresh or waste vegetable oils restrict their direct use in diesel
engines as they affect combustion phenomenon, carbon deposition, and plugging of fuel
lines (Lam et al., 2010; Meher et al., 2006; Murugesan et al., 2009). To overcome the
problems of direct feedstock use in engines, modifications are crucial to bring the
combustion-related properties of vegetable oils closer to those of petroleum diesel.
Modification methods include reactive distillation (de Lima da Silva et al., 2010), dual
reactive distillation (Dimian et al., 2009), reaction absorption (Kiss et al., 2011), membrane
reactor (Sdrula 2010), ultrasonic process (Van Manh et al., 2011), microwave heat
(Motasemi and Ani 2012), and transesterification (Chung et al., 2008; Narkhede & Patel,
2014). Among the different methods available for the production of clean burning mono-
alkyl ester based oxygenated fuel from vegetable oils feedstock, transesterification is the
leading process (Meher et al. 2006). The resulting product called biodiesel holds

comparable characteristics to petroleum diesel (Agarwal 2007).

2.2 Biodiesel

The American Society for Testing and Materials (ASTM) has defined biodiesel as a
fatty acid (m)ethyl ester (FAME) (Demirbas, 2009). In contrast with petroleum diesel,
biodiesel derives from biological sources thus the term “‘bio’’ (van Kasteren and Nisworo
2007). Since biodiesel is produced from virgin or waste oils, it is renewable, biodegradable
and non-toxic and hence, superior to petroleum-based diesel (Aghbashlo & Demirbas,

2016; Hosseinpour et al., 2016; Knothe et al., 2006). APPENDIX B: Table B compares the



characteristics of biodiesel from WFOs and commercial diesel fuel. Besides better lubricity,
flash point and ignition properties ( Yusuf et al., 2011), biodiesel also emits 20%, 30%, and
50% less HC, CO, and smoke, respectively compared with diesel fuel (Shamshirband et al.,
2016). However, it is worth mentioning that biodiesel faces storage stability problems, few
operating disadvantages related to engine performance, and emits more NOx exhaust than
petroleum diesel fuel (Datta and Mandal 2016; Knothe and Steidley 2009). Biodiesel could
be blended with petroleum diesel in different proportions without the need for any engine
modifications, as the mixture creates a stable fuel (Silitonga et al. 2011).

Various analytical methods exist for the qualitative and quantitative characterization
of biodiesel (Baskar & Aiswarya, 2016; Felizardo et al., 2006; Knothe, 2001; Halim et al.,
2009; Lertsathapornsuk et al., 2008; Tan et al., 2011), among which, gas chromatography
in combination with a flame ionization detector (GC-FID) is mostly employed (Suppes et
al., 2004; Wang & Chen, 2016). This analytical technique allows the detection of FAME
peaks in the sample. The latter is compared with pure standards to determine the weight of
the biodiesel produced, depending on the distribution area of each component (Elkady et
al., 2015). FAMEs yield of the transesterification reaction is calculated based on the

following equation (2-1):

o Biodiesel viold = Total weight of FAMEs % 100 2-1
o blodlesel yield = Total weight of oil in the sample )

2.3 Transesterification
The transesterification reaction is the most common method used for the conversion

of triglycerides from oil-based feedstock into biodiesel. In this process, the chemical



reaction occurs between triglycerides and a short chain alcohol. Many different alcohols
can be used in this reaction, including, methanol, ethanol, propanol, and butanol. Methanol
application is the most feasible owing to its low-cost and its physical and chemical
characteristics, such as having the shortest chain and being polar (Ma and Hanna 1999).
The transesterification reaction is a reversible reaction. To shift the equilibrium to the
product side, excess alcohol is needed (Chisti 2007). Stoichiometrically, a 3:1 molar ratio
of alcohol to triglycerides is required. However, in practice, the ratio must be higher to
achieve a maximum ester yield. Fig. 1 shows the general equation of transesterification
reaction whereby, triglycerides are converted to diglycerides, diglycerides are converted to
monoglycerides, and finally monoglycerides to glycerol. Each step produces one ester
molecule and, consequently, the reaction generates three ester molecules from one

triglyceride molecule (Sharma and Singh 2008).

Triglyceride + ROH < Diglyceride + R'"COOR
Diglyceride + ROH < Monoglyceride + R'COOR
Monoglyceride + ROH < Glycerol + R'"COOR

Figure 1. General transesterification reaction equation (Dias et al., 2008)

Various methods exist for biodiesel production from oils, consisting of non-catalytic
and catalytic transesterifications. In order to produce high yields, non-catalytic
transesterification occurs in the absence of a catalyst at very high pressures and at
supercritical temperatures (220-260 °C) wherein methanol would not only act as a solvent

but also as an acid catalyst (Warabi et al., 2004). The use of supercritical alcohol for the

10



transesterification of vegetable oil is well described in different studies (Balat, 2008;
Demirbas, 2006; Kusdiana & Saka, 2004). The presence of a catalyst improves the reaction
rate and yield at mild reaction conditions and subsequently catalytic transesterifications are
the most used reactions in the production of biodiesel. Different types of catalysts can be
used in the transesterification reaction of oils including alkaline and acidic homogeneous
and heterogeneous catalysts, and enzymatic catalysts. Depending on the undesirable
compounds present in the oils (especially FFA and water), each catalyst has its advantages
and disadvantages.

In an alkali-catalyzed transesterification reaction, the base reacts with the alcohol to
form alkoxide and protonated catalyst. The nucleophilic alkoxide attacks the carbonyl atom
of the triglyceride molecule to form a tetrahedral intermediate which will react with the
alcohol to recover the anion. The tetrahedral intermediate is subjected to structural
reorganization to form an ester molecule and a diglyceride. The same process is repeated
for the diglyceride and monoglyceride (Singh & Singh, 2010).

In an acid-catalyzed reaction, the catalyst is a proton donor and the carbonyl group
of the triglyceride is protonated resulting in carbocation. The positively charged compound
is then subjected to a nucleophilic attack by the alcohol to produce an unstable tetrahedral
intermediate. The glycerol is then removed, the ester is formed, and the catalyst is
recovered (Schuchardt et al., 1998).

For both homogeneous and heterogeneous catalysis, though the alkaline
transesterification has few advantages, the alkaline catalyst is not efficient for the
conversion of oils containing high free fatty acid, the process being highly sensitive to

water and FFA content in the feedstock. High water content causes the reaction to partially
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change to saponification. Soap formation occurs by the hydrolysis of triglycerides in the
presence of water leading to the formation of FFAs, which, in turn react with the alkaline
catalyst to form soaps. Saponification pathway creates many problems in downstream
purification and FAMEs recovery and causes reductions in the ester yield (Basu and Norris,
1996). The use of acid catalysts was thus proposed due to the insensitive nature they
possess to free fatty acid content (Freedman et al., 1984). However acid catalyzed reactions
are not recommended due to their comparatively slower reaction rate among other
drawbacks. Another approach is to produce biodiesel from waste oils with high FFAs value
combining both homogeneous acid esterification as a pre-treatment step followed by the
homogeneous alkaline transesterification step (Yong Wang et al., 2007). However, this
two-step transesterification is rather costly.

The use of solid heterogeneous catalysts is an appropriate solution to overcome the
issues associated with homogeneous catalysts (Salamatinia et al., 2013). However,
diffusion limitation of reactants or products from catalysts surface to their interior is a
major problem related to heterogeneous catalysts. Catalysts possessing higher surface area
such as zeolite are needed to overcome diffusion limitations and low catalytic activity.
APPENDIX C: Table C summarizes the advantages and disadvantages of different
catalyzed transesterification reactions of oil-based feedstocks, and APPENDIX C: Figure C

presents a general scheme of biodiesel production from oils.

2.4 Zeolites
Zeolites are crystalline aluminosilicates of an extending mono, di and tri-

dimensional, connected framework involving AlO4 and SiO4 tetrahedra sharing one oxygen

12



atom. The resulting structure is highly porous and contains channels and interconnected

voids of molecular dimensions (2).

Figure 2. Th framework stmcturef ZSM-5 (Cerius2, 1997)

Each AlO;, tetrahedron has a net negative charge which is balanced by an extra-
framework cation within the structure to keep the overall framework neutral (Auerbach et
al., 2003). The most commonly used compensating cation is the inorganic cation Na". The
important role played by both synthetic and natural zeolites as catalysts originates from
their molecular sieve properties, their role as adsorbents, and their ion-exchange properties
(Derouane et al. 2013). In particular, ion-exchange enables the generation of both base and
acid active sites on the zeolite, indispensable for catalytic activities. Basicity and acidity
can be introduced by a variety of ways among which ion exchange of a metal ion with the
compensating cation (Na") (Hammett & Louis, 1932); and the impregnation of ion metals
on the surface of zeolites (Benesi 1956). In both methods, the desired metal ion-containing
liquid encounters the solid zeolite, and as a result, the suitable ion from the liquid is
exchanged with the compensating ion or deposited on the surface of the solid. For instance,
zeolites that have been modified by the decomposition of an impregnated alkali metal salt

(KOH or NaOH) to active alkali-metal oxides have arisen as interesting solid bases capable
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of catalyzing reactions that require a base site such as transesterification of low acid value
oils (Al-Jammal et al., 2016; Takase et al., 2018). The base strength of the impregnated
alkali ion increases with increasing electropositivity of the exchange cation.

H-type zeolites are prepared from Na-type zeolites by following the ion exchange
procedure to produce acid zeolitic catalysts. The Na-type zeolite is added to a NH4Cl
solution at a specific mass ratio, and the mixture is stirred at around 80 °C for a limited
duration. Then, the samples are washed with ultrapure water, filtered and dried at 100 °C,
and finally calcined at around 550 °C (Alismaeel et al., 2018; Sun et al., 2015; Volli &
Purkait, 2015).

Acidity has been introduced in the zeolites’ framework to give rise to highly
efficient solid acid catalysts. When the exchanged cation is a proton, it binds itself to one of
the bridged oxygens directly connected to Al, forming a hydroxyl group. A zeolite can then
be a proton donor and thus act as a Brensted acid in reactions that require strong active acid
sites such as the transesterification of high acid value oils (Doyle et al., 2017). However, in
addition to Brensted acid sites, zeolites can possess Lewis acid sites generated by
dehydration of zeolite structures at calcination temperatures leading to the dehydroxylation
of the Bronsted sites (Bolton, 1970). The relative abundance of both acidities determines
the acid strength of the catalyst.

The properties of the exchanged zeolites can be adapted by adjusting synthesis
parameters such as metal ions concentration and calcination temperature (Akia et al. 2014).
A KOH/zeolite catalyst for biodiesel production was prepared by impregnation. KOH
amounts were varied and assessed for the best catalyst performance during biodiesel

production reactions. Increasing KOH loading from 20 wt% to 35 wt% improved FAMEs

14



yield, which is associated with increased concentration of K,O active sites in the catalyst
(Rezayan and Taghizadeh 2018). However, higher loading of KOH reduced FAME:s yield
due to blockage of the pores by the agglomeration of KOH which decreased the surface
area of the catalyst and hence the catalyst activity (Al-Jammal, Al-Hamamre, and Alnaief
2016). The effects of different St/ZSM-5, Ba—S1/ZSM-5 mass ratios and calcination
conditions on the catalytic activity were investigated by Feyzi and Khajavi (2014). The best
calcination conditions were found to be at temperatures of 600 °C for 6 h and a mass ratio
of 6Ba — 4Sr/ZSM-5 exhibited the best catalytic performance. These studies show that
zeolites are superior to other heterogeneous catalysts by having controllable acidity and
basicity. In addition to the chemical advantage that modified zeolites exhibit, zeolites have
other properties that make them good catalysts for heterogeneous catalysis. They carry high
thermal stability, large surface area, well defined pore structures with channels and cavities
of specific molecular dimensions, and shape selectivity (Hammett & Louis, 1932).
However, zeolites have usually been synthesized with crystal sizes in the micrometer range
and, therefore, hold negligible external surface area. These properties set limitations for
their use in the conversion of big molecules as the latter can’t access active sites within the
pores of the zeolites rendering their catalytic activity low (Kiss et al., 2006). In order to
overcome this diffusion limitation, interest has emerged in synthesizing more accessible
zeolitic catalysts. Okuhara et al., (2002) adjusted the pore size and structure of zeolite by
varying the Si/Al ratio. Higher Si/Al ratio resulted in zeolite with larger-pore size but with
weaker acidic strength (Okuhara 2002). Nanocrystalline hierarchical zeolites containing
two types of porosity (micro- and mesopores) and high external surface area were more

recently assessed for reactions involving large molecules like fatty acids and triglycerides
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(Carrero et al., 2011; Sun et al., 2015). Additional advantages that the use of heterogeneous
zeolites in catalytic processes such as the transesterification of oils provide, include the ease
of separation from the liquid products, regenerability, and the reduction of toxicity,

corrosion and environmental pollution (Gaurav et al., 2016; Zhang et al., 2015).

2.5 Non-Zeolitic Catalyzed Transesterifications

2.5.1 Transesterification by Homogeneous Catalysts

The homogeneously catalyzed transesterification of oil-based feedstocks is

commonly performed in a one-step alkali process using base catalysts. The most common
alkaline catalysts used in the transesterification of oils are alkali hydroxides such as
potassium hydroxide (KOH), sodium hydroxide (NaOH), and alkoxides such as potassium
methoxide (CH3;KO), sodium methoxide (CH3;NaO), and sodium ethoxide (C,HsONa)
(Lam et al., 2010; Narasimharao et al., 2007; Atadashi et al., 2013; Talha and Sulaiman,
2016). Khan and Dessouky studied the transesterification of vegetable corn oil using NaOH
as a catalyst. A yield of 95% was achieved after 15 min upon increasing both the NaOH
amount and the methanol to oil molar ratio to 0.5% and 6:1, respectively. An insignificant
variation of the ester yield was observed in the range of 50-65 °C. (Khan et al., 2009).
Keera et al. studied biodiesel production from castor oil by homogenous KOH
transesterification. A conversion of 95 % was achieved at 1 wt% KOH, 60 °C, 9:1 methanol
to oil ratio, and 30 min reaction time. Transesterification at temperature 30 °C gave a yield
comparable with that obtained at 60 °C (Keera et al., 2018). Vicente et al. (2004) suggested
adopting basic methoxide catalysts which lack the OH group necessary for saponification

and near 100 wt.% biodiesel yields were obtained (Vicente et al., 2004). El Boulifi et al.
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demonstrated a better catalytic activity of sodium methoxide as compared to NaOH during
the transesterification of corn oil with an alcohol at 60 °C, with triglycerides’ conversion of
90% (EI Boulifi et al., 2010).

However, as discussed above, homogeneous base catalyst (KOH and NaOH) are
effective for transesterification of oil having FFA content less than 2% (Nomanbhay &
Ong, 2017). Therefore, many studies assessed one-step acid transesterification reactions of
oils using strong acids which are insensitive to FFA content. Al-Widyan and Al-Shyoukh
compared the catalytic performance of H;SO4 and HCI in the presence of ethanol for the
transesterification of a high acid value WFOs. H,SO4 performed better than HCI at 2.25 M
loading with 100% excess ethanol reducing the specific gravity of biodiesel (at 15/15 °C)
from an initial value of 0.916 to a final value of 0.8737 after 3 h (Al-Widyan and Al-
Shyoukh 2002).

However, high yields cannot be achieved at mild reaction conditions when adopting
single step-acid transesterification reactions (Freedman et al., 1984). A few researchers
proposed an alternative approach to produce biodiesel from waste oils with high FFAs
value combining both acid esterification as a pre-treatment step followed by the alkaline
transesterification step (Thanh et al., 2010; Van Gerpen & Knothe, 2005; Yong Wang et al.,
2007). The purpose of including a pre-treatment acidic step is to reduce the excess FFA
concentration in the original oil feedstock and minimize the chances of soap formation in
the alkaline transesterification step (Jahirul et al., 2014; Ong et al., 2011; Hwai Chyuan
Ong et al., 2014). The pre-treatment step is then followed by the alkaline transesterification
step. However, the acid pretreatment step which reduces FFA concentration, also leads to

the formation of water to which second-step alkaline transesterification process is sensitive.
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The presence of water in the oil induces the formation of FFA by hydrolysis of triglycerides
which facilitates the saponification reaction to occur (Atadashi et al., 2012).

For the different homogeneous transesterifications discussed, biodiesel is separated
by gravity, to recover pure biodiesel from process byproducts (glycerol and alcohol). After
it is separated from the glycerol layer, biodiesel is purified to remove impurities which
include alcohol, catalyst, entrained glycerol and soap by excess methanol recovery
(Issariyakul et al., 2007; Lapuerta et al., 2008) and a washing step (Predojevi¢ 2008).
Biodiesel is then dried by either heating or the use of chemicals (Encinar et al., 2007,

Murugesan et al., 2009).

2.5.2 Transesterification by Heterogeneous Catalysts
In contrast to the homogeneous catalysts which are hard to recover and which made
the homogeneous transesterification process less competitive and uneconomic in terms of
purification cost and wastewater produced, heterogeneous catalysts have the advantages of
being non-corrosive, easily separable for reuse (Lee and Saka 2010), and environmental
friendly requiring no washing step of the product and thus producing less waste (Saravanan

etal., 2015).

2.5.2.1 Alkali-Heterogeneous Transesterification

Heterogeneous base catalysts include neat base catalysts (MgO, ZnO, CaO,
ZnAl,0O4 and solid KOH) (Chavarria-Hernandez et al., 2017; Chisti, 2013; Hajjari et al.,

2017), loaded base catalysts such as oxides of alkali-doped metal oxides (CaO/ Al,O3,
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Li/Ca0, Na/Si0O,, Ca0/Si0,), alkali metal oxides (Na/NaOH/y-Al,Os reinforced on Al,O;
(Kligerman and Bouwer 2015), supported base nanocatalysts (KF/CaO, KF/CaO-MgO),
and magnetic base catalysts (KF/AlFe;0,4) (Tang et al., 2011), which researchers have used
for transesterification reaction of biodiesel production. Hetafi et al. used MgO and ZnO
base catalysts for biodiesel production and reported higher ester yield with MgO as
compared to ZnO, which was ascribed to the higher effective reaction surface of the smaller
MgO particles (Hatefi et al., 2014). CaO from snail shells was used in WFOs
transesterification and achieved an ester yield higher than 96% within 1 h (EI-Gendy,
Deriase, and Hamdy 2014). ZnAl,O4 achieved low conversion (22% - 33%) in corn oil
transesterification with methanol and ethanol at 150 °C and 200 °C, due to potential mass
transfer limitations (Velazquez 2007). Sun et al. studied the transesterification of corn oil
using solid KOH as a catalyst. The maximum yield of FAMEs (90.9 wt.%) was achieved
for an alcohol to oil molar ratio of 9:1, 16.3 wt.% solid KOH, and a reaction time of 9 h
(Sun et al., 2014). Meher et al. used Li, Na; and K- doped calcium oxides for the production
of biodiesel from WFOs. Li/CaO was more effective than K/CaO and Na/CaO, and yielded
94.9% FAMEs in 8 h using 2 wt.% Li/CaO with 12:1 methanol to oil molar ratio at 65 °C
(Meher et al. 2006). Akbar et al. used Na/SiO; catalyst (6 wt%) in the sol-gel method to
obtain an optimum conversion of 99% of oil for a relatively short reaction time of 45 min
at 65 °C, with a 1:15 methanol to oil molar ratio (Akbar et al., 2009). Moradi et al. used
70% CaO/Si0, and 40% CaO/y-Al,O; catalysts and obtained oil conversions of 85.6% and
79.1% after 8 and 5 h, respectively. Leached CaO by methanol was detected upon reuse of
the impregnated catalysts (Moradi et al., 2014; Moradi et al., 2015). Hashmi et al. studied

biodiesel synthesis from Jatropha curcas oil using CaO-Al,O3; nanocatalyst with a particle
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size of 29.9 nm. They reported 82.3% conversion of the oil at 8:1 methanol to oil ratio and
a reaction time of 3 h at 100 °C (Hashmi et al., 2016). KF/ CaO nanocatalysts of 30—100
nm particle size, prepared using the impregnation method, were used in the
transesterification of stillingia oil to biodiesel. A yield of 96% was obtained after 2.5 h at
65 °C, with an oil to methanol ratio of 1:12 and 4 wt.% of catalyst (Wen et al., 2010). Yun
Wang et al. used mesoporous nanosized KF/CaO-MgO catalysts of 100-300 nm particle
size in the transesterification of rapeseed oil and obtained a biodiesel yield of 95% at a
mass ratio of KF to CaO-MgO of 0.25 and a mass ratio of CaO to MgO of 8:2 (Yun Wang
et al., 2009). Akia et al. used 30-35 nm sized particles of Cs/Al/Fe;O4 magnetic
nanocatalysts for the transesterification of sunflower oil and achieved a biodiesel yield of

94.8% at 58 °C after 2 h, with a methanol to oil ratio of 14:1 (Akia et al. 2014).

2.5.2.2 Acid-Heterogeneous Transesterification

Heterogeneous alkali catalysts have the same disadvantage as homogeneous alkali
catalysts of being sensitive to FFAs and water contents in the biodiesel feedstock.
Heterogeneous acid catalysts can be used alternatively. These catalysts consist of zirconia
catalysts (Sulfated Zirconia, WO3/ZrO,, M0oO3/Zr0O,), heteropolyacids (PW12), ion
exchange resins (NKC-9, 001x7, D61), sulfated catalysts (Al (H,SO4), PSSA), supported
solid acid nanocatalysts (T10,-ZnO, CsH2PW120 40Fe—Si10,, TiO,/PrSOs;H), and
carbohydrate derived solid acid catalyst.

Thiruvengadaravi et al. tested Sulfated Zirconia (1 wt.%) in the first-step

esterification of high acid value karanja oil, reducing its acid value to 1.3 mg of KOH/g
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after 2 h reaction time at 60 °C and 9:1 methanol to oil ratio. FAMEs yield of 95% was
reached after the second-step transesterification carried out at 60 °C for 2 h, using 1% KOH
and 6:1 methanol to oil ratio (Thiruvengadaravi et al. 2012). Park et al. compared sulfated
zirconia, amberlyst 15, and tungsten oxide zirconia catalysts for biodiesel production from
WFOs. Tungsten oxide zirconia (WO3/ZrO; at 0.4 g/ml oil) showed the best catalytic
activity with 96% FFA conversion at 150 °C for 2 h, using a 9:1 molar ratio of alcohol to
oil (Park et al., 2010). Jacobson et al. evaluated the use of solid acid catalysts MoQO3/SiO,,
MoO3/ZrO,, WO3/Si0,-Al,03, and ZS/Si for biodiesel production from WFOs. They found
zinc stearate immobilized on silica gel (ZS/Si) to be the most active catalyst at a loading of
3 wt.%, with 98% oil conversion at 200 °C and 18:1 methanol to oil molar ratio (Jacobson
et al., 2008). Cao et al. produced biodiesel from high acid value and water content WFOs
using heteropolyacid (PW12) as catalyst. They achieved 87% transesterification conversion
and 97% esterification conversion at 65 °C and 70:1 methanol to oil molar ratio after 14 h.
The catalyst activity was not affected by the FFA and water content in the oil (Cao et al.
2008). Feng et al. used NKC-9, 001x7, and D61 cation-exchange resins as catalysts in
biodiesel production from WFOs, and reported the highest yield (90%) with NKC-9 (Feng
et al. 2010). Ramachandran et al. prepared the heterogeneous acid catalyst (Al (H,SO4)) by
sulfonation of anhydrous AICl; and used it in biodiesel production from WFOs at a 5 wt.%
loading. A 81% conversion was obtained at the optimum conditions of 16:1 methanol to oil
molar ratio, 220 °C reaction temperature, and 50 min reaction time (Ramachandran et al.,
2011). Zhu et al. tested Poly Styrene Sulfonic Acid (PSSA) and Poly Vinyl Alcohol (PVA)
blend membranes for biodiesel production from WFOs. They reported a conversion of 80%

at temperatures higher than 80°C by a cross linker structure that emerged between PSSA

21



and PVA (Zhu et al. 2010). Madhuvilakku and Piraman assessed the transesterification of
palm oil using TiO,-ZnO and ZnO nanocatalyst metal oxides produced by urea using a
glycerolnitrate combustion method. TiO,-ZnO (0.91 wt.%) showed the best catalytic
activity achieving a conversion of 92.2% after 5 h reation time at 60 °C and a methanol to
oil ratio of 6:1 (Madhuvilakku and Piraman 2013). Feyzi et al. evaluated CsH,PW120
40Fe—Si0; nanocatalyst for the production of biodiesel from sunflower oil. They obtained a
yield of 81% after 240 min of reaction at 60 °C with a methanol to oil ratio of 12:1 (Feyzi
et al., 2014). Gardy et al. used mesoporous TiO,/PrSO;H solid acid catalyst (4.5 wt.%) for
the transesterification of WFOs and obtained a yield of 98.3% at 60 °C and methanol to oil
ratio of 15:1 (Gardy et al., 2017).

To avoid the utilization of costly metal catalysts, carbon-based solid catalysts for
biodiesel production from oils with high FFA content were tested (Lou et al., 2008).
Glucose and C. inophyllum cake that remain after oil extraction were used by Dawodu et
al. as a source of solid catalysts for biodiesel production. Both produced comparable yields,
but C. inophyllum presented a lower stability than glucose catalyst (Dawodu et al., 2014a;
Dawodu et al., 2014b). Ayodele and Dawodu tried to define a better carbonated catalyst for
biodiesel production and demonstrated a high catalytic activity of sulfonated
microcrystalline cellulose (MCC) with 99% FAME:s yield at optimum conditions, and high
operational stability compared to glucose and C. inophyllum cake catalysts (Ayodele and
Dawodu 2014). Chen and Fang used a catalyst prepared with glucose/starch mixture for the
transesterification of a high acid value waste cottonseed oil. They reported a yield of 90%

after 12 h reaction time (Chen and Fang 2011)
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2.5.3 Enzyme-Catalyzed Transesterification

Enzyme-catalyzed transesterification has few advantages over chemical catalyzed
transesterification, such as avoiding the use of toxic or corrosive chemicals and offering
high operational stability (Arumugam and Ponnusami 2014). Lipase is the most commonly
used enzyme in transesterification reactions. Lipase enzymes are abundant in nature,
synthesized by microorganisms (fungi, yeast, and bacteria), plants and animals (Aarthy et
al., 2014), and are most commonly used because of their low production cost and simple
modification (Szczesna Antczak et al., 2009; Vipin et al., 2016). In the biodiesel production
through enzymatic catalysis, water plays a major role as the enzymatic hydrolysis of
triglycerides takes place on the water/oil boundary layer (Lv et al., 2010). Arumugam and
Ponnusami, produced biodiesel from C. inophyllum oil using immobilized lipase enzyme
on mesosporous SBA-15 (Arumugam and Ponnusami 2014). Hosseini et al. studied the
immobilization of Bacillus subtilis microbial lipase using celite in hexane for the
transesterification reaction of waste sunflower oil (Hosseini et al., 2013). Vipin et al.
assessed biodiesel production from non-edible rubber seed oil (FFA content = 26%) using
Rhizopus Oryzae lipase as catalyst. A maximum conversion of 31% was obtained at a
methanol to oil molar ratio of 4:1, a catalyst concentration of 15 wt.%, and a reaction time
of 48 h (Vipin et al. 2016). There are different types of lipase enzymes that were used as
catalysts for biodiesel production (Li & Yan, 2010; Robles-Medina et al., 2009; Yagiz et
al., 2007). The main drawbacks of enzyme based-transesterification include high enzyme
cost and restricted operational conditions due to denaturing of enzymes at elevated

temperatures (Baskar and Aiswarya 2016).
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2.6 Zeolitic-Catalyzed Transesterifications
The main advantages which zeolitic catalysts hold over other heterogeneous
catalysts used in oil transesterification are their high surface area and controllable acidity,

basicity and hydrophobicity.

2.6.1 Zeolitic alkali-heterogeneous transesterification

2.6.1.1 Synthetic alkali zeolite catalysts

Several basic zeolitic heterogeneous catalysts were tested for their activity in
biodiesel production from oils. Originally, non-modified Na-form zeolites were tested and
showed low catalytic activity and biodiesel yields. Marchetti et al. used Na-Y in its
produced form in the transesterification of oleic acid and obtained an ester yield of 27% at
55 °C reaction temperature, 6.3:1 ethanol to oil molar ratio, and 2 h reaction time
(Marchetti and Errazu 2008a).

Later studies evaluated the use of chemically modified zeolites for enhanced
operational conditions and increased catalytic activity. Metal ions were used for catalyst
preparation by impregnation method, the most common being potassium-based molecules
(potassium hydroxide, potassium acetate) and sodium-based molecules (sodium hydroxide,
sodium acetate). After loading the metals on the synthetic or natural zeolites, the produced
catalysts are calcined at high temperatures (500-900 °C) in order to transform the K-based
and Na-based molecules in both the zeolite matrix and surface into potassium and sodium
oxides (K0, Na,0), which represent the basic active sites of the zeolite catalysts (Al-

Jammal et al., 2016; Intarapong et al., 2011; Leclercq et al., 2001; Otieno et al., 2018;
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Ramos et al., 2008; Rezayan & Taghizadeh, 2018; Supamathanon et al., 2011; Suppes et
al., 2004; Y. Y. Wang & Chen, 2016; Xue et al., 2009). Leclercq et al. studied the
transesterification of rapeseed oil in the presence of cesium-exchanged NaX faujasite
catalysts. High methanol to oil ratio of 275:1 and a long reaction time of 22 h were needed
to obtain a conversion of 70% (Leclercq, Finiels, and Moreau 2001). Ramos et al. analyzed
the catalytic performance of Na-based zeolites (mordenite, beta, and X) in the
transesterification of sunflower oil. Achieved methyl ester yields were between 93.5 and
95.1 wt% at 60 °C. However, leaching studies showed that sodium was leaked in the
reactants mixture, giving the reaction a homogeneous path (Ramos et al. 2008). Suppes et
al. studied the transesterification of soybean oil at different reaction temperatures in the
presence of NaX zeolites ETS-10, and their metal loaded versions. Due to the high basicity
of ETS-10 zeolites and their larger pore structures, FAMEs yield exceeded 90% at
temperatures of 150 °C and 120 °C after 24 h reaction time (Suppes et al. 2004). Intarapong
et al. investigated FAMESs yield over different loadings of KOH on NaY zeolite catalysts
for the transesterification of palm oil in a packed-bed reactor. 15 wt.% K loading on NaY
zeolite was found to have the highest catalytic activity achieving an oil conversion of
92.18% at 60°C for 7 h. However, potassium molecules were found to leach after few
recycling runs of the solid catalyst, decreasing thus its activity (Intarapong,
Luengnaruemitchai, and Jai-In 2011). Biodiesel production from Jatropha curcas seed oil
using different loadings of CH;COOK over an artificial zeolite and different calcination
times and temperatures was assessed by Xue et al. FAME:s yield exceeded 91% when the
catalyst with 47 wt.% CH3;COOK loading was calcined at 550°C for 5 h, with optimal

transesterification reaction conditions of 10:1 methanol to oil molar ratio, catalyst amount

25



of 2 wt.%, and a reaction time of 4h (Xue et al. 2009). Supamathanon et al. produced
biodiesel from Jatropha Curcas using potassium impregnated zeolite NaY (K/NaY) at
different metal loadings. The highest FAMEs yield (73.4%) was attained with 12 wt.% of
potassium loading at 65 °C, a methanol to oil molar ratio of 16:1, and a reaction time of 3 h,
(Supamathanon, Wittayakun, and Prayoonpokarach 2011). Al-Jammal et al., prepared
several KOH/zeolite tuft catalysts by impregnation in KOH solutions for the production of
biodiesel from waste sunflower vegetable oil. The impregnated 1-4M KOH/TZT catalyst
produced by heating in a two-step impregnation method, provided the maximum biodiesel
yield of 96.7% at 50 °C, methanol to oil molar ratio of 11.5:1, and 2 h reaction time. Higher
KOH loadings on the zeolite resulted in a decreasing trend in the FAME:s yield due to the
agglomeration of excess KOH covering the zeolite’s active basic sites. Impregnation of
KOH performed in one stage and without heating resulted in lower catalytic activity. The
heating process during catalyst preparation was inevitable for the conversion of KOH into
the more active K,O (Al-Jammal, Al-Hamamre, and Alnaief 2016). To achieve better
catalysis in the transesterification reaction of triolein, Wang et al. prepared beta zeolites
treated with dilute NaOH solutions. The Na-loaded zeolites were used for biodiesel
production by reflux heating and microwave irradiation. A conversion efficiency exceeding
90% was achieved within an hour of the reflux reaction with Na-treated zeolite catalysts
which exhibited durable catalytic activity (nine consecutive cycles). The authors concluded
that sodium cations present in the cages and the defect sites of the NaOH-treated beta
zeolite can be brought to the external surface of the catalyst during the transesterification
reaction, enhancing thus the catalysis (Wang & Chen, 2016). Otieno et al. used a cheap

natural zeolite from Kenya (NZK) for the transesterification of Jatropha curcas oil to
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biodiesel. The zeolites were loaded with Na, Cu and Pb ion metals by ion exchange to
improve their catalytic activity. A better yield was achieved by Na-NZK in comparison to

Cu-NZK and Pb—NZK zeolites (Otieno et al. 2018).

2.6.1.2 Natural alkali zeolite catalysts

The standard raw materials used for the synthesis of the previous discussed zeolites
are silica and alumina. The preparation of zeolites from these chemical sources can be
relatively expensive. Therefore, the possibility of using cheaper natural raw materials to
produce zeolite catalysts and doping them with K-based and Na-based molecules was
reported by different studies (Pang et al., 2017; Kusuma et al., 2013; Volli & Purkait,
2015). Kusuma et al. studied the transesterification of palm oil using natural zeolites
modified with KOH solution at different loadings. The catalyst prepared using a zeolite to
KOH weight ratio of 1:4 produced the optimal FAMEs yield of 95.09% at 3 wt.% loading
(Kusuma et al. 2013). Fereidooni et al. used a composite of chitosan and natural zeolite
(clinoptilolite zeolite) treated with KOH for the transesterification of WFOs by electrolysis.
KOH impregnation decreased the silica content of clinoptilolite by desilication and
increased its active basic sites’ content by the formation of hydroxylpotaslite. With acetone
used as a co-solvent, a conversion yield of 93% was achieved with 1 wt.% catalyst
concentration and alcohol to oil ratio of 1:7 at 40 V for 3 h (Fereidooni and Mehrpooya
2017). Dang et al. produced biodiesel from transesterification of triolein using NaOH-
treated kaolin clay as an active catalyst possessing characteristics of zeolite LTA. An

average conversion efficiency of 92.8% was reached with 36.6:1 mass ratio of methanol to
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triolein, a catalyst loading at 72 wt.% , a reaction temperature of 62.9 °C, and a reaction
time of 146 min (Pang, Chen, and Lee 2017). Volli et al. discussed the application of coal
fly ash for the synthesis of basic heterogeneous zeolite X and A catalysts for biodiesel
production from mustard oil. The synthesized zeolites were ion-exchanged with potassium
and used in the transesterification reaction. A conversion of 84.6% was reached using 12:1

methanol to oil molar ratio and a reaction time of 7 h at 65 °C (Volli and Purkait 2015).

2.6.1.3 Magnetic alkali zeolite catalysts

Despite adding value to waste (fly ash) and using natural zeolites to produce
biodiesel, both synthetically and naturally produced zeolites have an issue related to their
costly separation from the reaction products for the purpose of their reuse. Rezayan et al.
resolved this problem through using magnetic catalysts which can be simply separated from
the reaction solution by a magnetic field. Magnetic mesoporous basic nanocrystalline
KOH/ZSM-5-Fe;04 catalysts were employed in the transesterification of canola oil to
biodiesel. Optimum biodiesel yield of 93.65% was achieved at 9.03% catalyst loading,
12.3:1 alcohol to oil molar ratio, 65 °C reaction temperature, and 3.26 h reaction time. The
catalyst was easily separated from the reaction mix by an external magnetic field and
reused for five successive cycles giving a biodiesel yield of 80% for three consecutive

cycles (Rezayan and Taghizadeh 2018).
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2.6.2 Zeolitic acid-heterogeneous transesterification

2.6.2.1 H-Type Acid Zeolite Catalysts

The stable crystalline aluminosilicate framework is formed by silica and alumina
units’ bounds. The charge imbalance between the bounds produces the zeolite’s ability for
ion exchange. This allows the conversion of the sodium form of zeolites to the hydrogen
form mainly by ammonium ion exchange. H-type zeolites are the most common form of
acid zeolite catalysts (Chung et al., 2008; Doyle et al., 2016; Doyle et al., 2017; Medina-
Valtierra & Ramirez-Ortiz, 2013; Mowla et al., 2018).

Medina-Valtierra et al. produced biodiesel from WFOs in sub- and supercritical
methanol on a zeolite H-Y solid acid catalyst. FAMEs yield exceeded 82 % after only 15
min of reaction time at 240 °C, and a methanol to oil molar ratio of 5:1 (Medina-Valtierra
and Ramirez-Ortiz 2013). Doyle et al. compared the catalytic activity of commercial H-Y
zeolite and Zeolite H-Y prepared using kaolin in the esterification of oleic acid. At
optimum conditions of 70 °C, 5 wt.% catalyst loading, 1 h reaction time, and 6:1 ethanol to
oleic acid molar ratio, the oleic acid conversion using Zeolite H-Y prepared from kaolin
was 85%, while the resultant value for the synthetic H-Y zeolite was 76% (Doyle et al.
2016). In another study, the authors used acidic FAU-type zeolites prepared from shale
rock and commercial H-Y zeolites in the esterification of oleic acid. The results
demonstrated comparable structural characteristics and catalytic activity of both synthetic
and natural zeolites, with oil conversion reaching 78% after 90 minutes in the latter case.
(Doyle et al. 2017). Mowla et al. investigated a route for WFOs hydroesterification

(hydrolysis and esterification of low quality fatty substrates) over acid heterogeneous
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zeolites H-ZSM-5 and reported 40% conversion of WFOs into FFAs through hydrolysis,
and 63% of FFAs esterification to biodiesel after 4h reaction (Mowla, Kennedy, and
Stockenhuber 2018). Chung et al. compared different microporous acid zeolites (H-ZSM-5,
H-FAU, H-BEA, H-MOR and silicalite zeolites) for the esterification of FFAs in WFOs.
While the amount and strength of acid sites in the different zeolites played an important
role in the extent of FFAs conversion, a major obstruction in the esterification of large FFA
molecules was attributed to diffusion limitation of these molecules in the narrow intrinsic
microporous zeolites such as in the case of H-ZSM-5 (5.1 x 5.4 A - 5.4 x 5.6 A) where
most of the strong acid active sites are found. The authors demonstrated that in this case the
esterification reaction occurred on the external acidic surface of the zeolite and that the
increase in the external surface area and external acidity are at the basis of higher oil

conversions (K. H. Chung, Chang, and Park 2008).

2.6.2.2 Modified Acid Zeolite Catalysts

It is established that the physical and chemical properties of zeolite catalysts directly
affect the extent of oil conversion. Studies have been conducted to develop modified
heterogeneous acid zeolite catalysts with stronger acidity, appropriate external surface
properties, and increased pore volume and pore size, to improve their catalytic activity and
selectivity in transesterification reactions. Many studies discussed post-synthesis
modifications of zeolites using deposition and ion exchange techniques and dealumination
to improve their catalytic performance (Alismaeel et al., 2018; Feyzi & Khajavi, 2014;

Narkhede & Patel, 2014; Shu et al., 2007; Vieira et al., 2015, 2017), while few others
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investigated the direct production of modified hierarchical zeolites, with improved mass
transfer properties to carry out transesterification reactions (Carrero et al. 2011; Sun et al.

2015).

Vieira et al. modified the external properties of H-ZSM-5 by dealumination with
citric acid. Dealumination involves the removal of aluminum atoms from the zeolite
framework through treatment with an acid, modifying thus the pore structure and acidity of
the zeolites in addition to improving their reactivity in biodiesel production reactions. The
modified material showed a slight increase in the external surface area and a reduction in
Brensted acid sites (Vieira et al. 2015). The authors later assessed the incorporation of
sulfated lanthanum oxide (SO427/La203) on the external surface of the dealuminated solids
to improve their catalytic activity in the transesterification of oleic acid. When compared to
the parent HZSM-5 zeolites, the modified catalysts showed a higher catalytic activity
achieving 100% oil conversion at 10 wt.% catalyst loading, 45:1 alcohol to oil molar ratio,
100 °C, and 4 h reaction time (Vieira et al. 2017). Shu et al. applied La(NOs); as the ion
exchange precursor to incorporate La ion into zeolite beta and used it in the synthesis of
biodiesel from soybean oil. La/zeolite beta showed higher stability and oil conversion than
zeolite beta, which was associated with the greater concentration of external Breonsted acid
sites available for the reactants. Triglycerides conversion of 48.9 wt% was obtained at 1.1
wt.% catalyst loading, using a methanol to oil molar ratio of 14.5:1, a reaction temperature

of 60 °C maintained over 4 h (Shu et al. 2007). Feyzi et al. investigated the catalytic activity
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of strontium and barium supported on the ZSM-5 zeolite (Sr/ZSM-5 and yBa — xSr /ZSM-
5) in the transesterification reaction of sunflower oil to biodiesel. The activity of yBa —
xSt/ZSM-5 (where x = 6 wt% strontium based on the weight of ZSM-5 and y =4 wt% Ba
based on the weight of Sr) showed to be optimal for biodiesel production achieving a
FAME:s yield of 87.7% at a methanol to oil ratio of 9/1, a reaction temperature of 60 °C,
and a reaction time of 180 min. Catalyst characterization showed that the synthesis,
impregnation, and calcination conditions had a noticeable outcome on the morphology and
texture of the modified zeolite whereby fine particles and high specific surface area were
registered for the yBa — xSr/ZSM-5 catalyst (Feyzi and Khajavi 2014). Narkhede and Patel
studied the esterification of oleic acid and soybean oil over a monolacunary silicotungstate
(SiW11) supported on zeolite H-beta solid acid catalyst. The catalyst was prepared with 30
wt.% SiW11 loaded on zeolite H-beta and showed high catalytic activity achieving 82%
conversion of oleic acid (3.5 wt.% catalyst, 20:1 molar ratio of alcohol to oil, 60 °C, 10 h)
and 96% of soybean oil (4 wt.% catalyst, 4:1molar ratio of alcohol to oil, 65 °C, 8 h). The
catalyst showed consistency in its catalytic activity when it was reused up to four times
(Narkhede and Patel 2014). Alismaeel et al. studied the esterification of oleic acid in a
fixed-bed reactor over FAU-type zeolites synthesized using shale rock. Co, Ni and Pt were
added to the zeolite to increase its catalytic activity. At a reaction temperature of 70 °C and
reaction time of 1.5-2 h, oleic acid conversions reached respectively 93 and 89% under

batch and continuous conditions using Co-Ni-Pt-FAU acid catalyst (Alismaeel et al. 2018).
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Another interesting way of improving zeolites activity in the transesterification
reaction, which was investigated by only few studies, is the production of hierarchical
zeolites which combines the advantages of both microporous and mesoporous zeolites. The
produced hierarchical zeolites overcome diffusion limitations by offering larger pores while
maintaining the high reactivity of microporous acid zeolites. Carrero et al. carried out the
transesterification of microalga lipids to biodiesel using hierarchical h-Beta zeolite as
heterogeneous catalysts. The catalyst secondary mesoporosity improved the accessibility of
microalga oil to the h-Beta acid sites by enhancing the mass transfer of large lipids into the
zeolite framework. A conversion of 46% was reached at a reaction temperature of 115 °C
after 4h (Carrero et al. 2011). Sun et al. tested microporous (Beta zeolite and ZSM-5
zeolite) and micro-mesoporous (MFI type ZRP-5 zeolite) acid zeolites in the esterification
of oleic acid with ethanol to assess the effect of pore size on the oil mass transfer. ZRP-5
zeolite exhibited the lowest internal mass transfer limitations, but also the lowest catalytic
activity associated to their hydrophilic surface favoring the adsorption of polar ethanol over
the adsorption of oleic acid molecules. The highest conversion of oleic acid reached 73.6%
and was achieved by the hydrophobic Beta zeolite used at a loading of 0.167 meq/g, with
ethanol to oleic acid molar ratio of 20:1, a temperature of 78 °C, and a reaction time of 10 h
(Sun et al. 2015). APPENDIX D: Table D summarizes the different studies on the use of

zeolite catalysts in the production of biodiesel.

33



2.7 Factors Affecting Biodiesel Yield Using Zeolite Catalysts
The final FAME:s yield of the transesterification reaction over zeolite catalysts is
influenced by several parameters, such as reaction temperature, reaction time, catalyst

loading, and alcohol to oil ratio.

2.7.1 Reaction Temperature

The transesterification reaction temperature is one of the most important parameters
affecting biodiesel yield. As the temperature increases, the reaction rate increases due to a
higher transfer of heat energy. In addition, the viscosity of the oil decreases with increasing
reaction temperature, which promotes high yield of biodiesel within a shorter time. The
transesterification reaction is usually carried out at the boiling temperature of the alcohol.
Methanol which is extensively used in this reaction has a boiling point between 60 and 70
°C under atmospheric pressure, depending on its purity. At this temperature range, different
studies reported high biodiesel yields using zeolite catalysts. Feyzi et al. achieved a FAMEs
yield of 87.7% at a reaction temperature of 60 °C and a reaction time of 3 h using Ba-
St/ZSM-5 catalyst (Feyzi and Khajavi 2014). Doyle et al. reported that the conversion of
oleic acid increased from approximately 40% at 40 °C to 85% at 70 °C using zeolite Y
prepared from kaolin (Doyle et al. 2016). An optimum reaction temperature of 65 °C was
reported for the transesterification of Jatropha curcas oil using Na-NZK at a reaction time
of 5.5 h (Otieno et al. 2018).

Higher temperatures were used in pressurized systems, in other studies and achieved
high yield at an increased reaction rate. Vieira et al. achieved a FAMEs yield of 80% after 1

h of reaction time at a temperature of 100 °C using SLO/HZSMS as a catalyst (Vieira et al.
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2013). Medira-Valtierra et al. reached a biodiesel yield of 82% from the transesterification
of WFOs at a reaction temperature of 240 °C and a reaction time of only 20 min (Medina-

Valtierra and Ramirez-Ortiz 2013).

2.7.2  Molar Ratio of Alcohol to Oil

Since the transesterification is a reversible reaction, the moles of alcohol must be in
excess to force the reaction towards the formation of FAMEs and to achieve higher
conversion rates (Qiu et al., 2011). Therefore, the alcohol to oil ratio is one of the most
sensitive factors that affect the final biodiesel yield (Jacobson et al., 2008). The effect of the
molar ratio of alcohol to oil on the conversion of oils was examined by different studies
through varying the amount of methanol used in the process. Under similar reaction
conditions, Sun et al. reported that the conversion rate of oleic acid increased from 62.5%
to 73.6% as the molar ratio of ethanol to oleic acid shifted from 1:10 to 1:20 using
hydrophobic Beta zeolites as catalysts (Sun et al. 2015). Shu et al. assessed different
methanol to oil ratios in transesterification reactions using La beta catalyst, and found that
FAMEs yield increased with increasing alcohol to oil ratio to 9:1 ( Shu et al., 2007).
Similarly, Feyzi et al reported increased FAMEs yield in transesterification reactions
conducted over Ba—Sr/ZSM-5 catalyst at increased methanol to oil ratio of 14.5:1 (Feyzi &
Khajavi, 2014). However, in the previous discussed studies, the authors reported a
decreased FAMEs yield when the quantity of alcohol was further increased beyond optimal
amounts. This phenomenon is due to the recombination of FAMEs and glycerol to form
monoglycerides. Excess methanol is advantageous for the conversion of triglycerides into

monoglycerides. However, monoglycerides affect the solubility of the nearly immiscible
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glycerol and FAMESs encouraging thus the backward reaction to take place (Shu et al. 2007;
Sun et al. 2015). Besides, glycerol separation gets more difficult as glycerol solubility in

alcohol also increases (Fereidooni and Mehrpooya 2017).

2.7.3 Catalyst Type and Loading

The amount of zeolite catalyst used influences the conversions of triglycerides in a
transesterification reaction. At higher catalyst loadings, a greater amount of active sites will
be available for the oil to react and produce FAMEs (Liu et al., 2014). In fact, alcohol’s
solubility in oil is partial, the transesterification can thus only take place at the interface of
these two phases. Increasing catalyst loading will increase the active sites’ concentration in
the interface which will enhance the formation of FAMEs and higher oil conversions (Shu
et al. 2007). Doyle et al. registered an increase in the conversion of oleic acid from 70 to
85%, by increasing zeolite H-Y amount from 2 to 5 wt.% (Doyle et al. 2016). Volli et al.
evaluated the effect of different catalyst concentrations (3, 5, 7 and 10 wt.%) on the
conversion of mustard oil to biodiesel using zeolite X and A produced from fly ash and
found that with an increase in catalyst concentration from 3 to 5 wt.%, biodiesel yield
increased to 84.6% (Volli and Purkait 2015). In both studies, only a slight increase in the
conversion of oils was observed at catalyst loadings higher than 5%. This was explained by
the increased miscibility of the methanol and oil phases due to the formation of FAMEs
which act as a mutual solvent driving the alcohol-oil mixture to become a single-phase. In
this case, increasing the catalyst loading will no further enhance the reaction rate (Shu et al.

2007).
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2.7.4 Reaction Time

In order to study the influence of reaction time on the conversion of oils, different
studies fixed the zeolite loading, alcohol to oil ratio, and reaction temperature and varied
the reaction time (Doyle et al. 2017; Medina-Valtierra and Ramirez-Ortiz 2013; Suppes et
al. 2004; Volli and Purkait 2015). Biodiesel yield increases with reaction time but at long
durations zeolite catalysts deactivation due to less reactant coverage might occur (Doyle et
al. 2017). It is worth mentioning that optimum reaction time is dependent on the reaction
parameters. Medina and Ramirez reported an optimum oil tansesterification time of 20
minutes (Medina-Valtierra & Ramirez-Ortiz, 2013) while Suppes et al. achieved maximum
conversions at a reaction time of 24 h under different reaction conditions (Suppes et al.,

2004).

2.8 Synthesis of Zeolite Catalysts

The production of zeolites follows either a hydrothermal synthesis in the presence
or absence of a liquid phase (Arnold et al., 2003; Flanigen & Breck, 1960), or a non-
aqueous synthesis referred to as “dry” production (Morris & Weigel, 1997). Hydrothermal
zeolite synthesis is commonly used and typically follows the mechanistic pathways of
induction period, evolution of order, nucleation and crystal growth.

During the induction period, amorphous individual reactants containing silica and
alumina are mixed together with a cation source and a structuring agent, usually in a basic
medium. The aqueous reaction mixture is heated, (at temperatures above 100 °C) in a

sealed autoclave (Antoni¢-Jeli¢ et al., 2003). The Si and Al elements are mineralized by the
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alkali source to their oxide forms which will make up the microporous framework. These
oxidic precursors are amorphous and contain Si-O and Al-O bonds (Cundy & Cox, 2003).
Over a period of time and especially under the effect of heat, the solid phase is organized
during the evolution of order step, and a new generated material having a similar chemical
composition to that of the eventual zeolite product is formed. However, this semi-ordered
gel lacks the periodical organization and is thus still amorphous (Lowe 1983; Zhdanov
1971). Zeolite nucleation is a phase transition event during which, a critical volume of the
semi-ordered gel network is transformed into a structure which is sufficiently well-
organized to form viable growth nuclei from which the crystal lattice can propagate.
Growth centers can then increase in size (crystal growth phase) by either the addition of
growth units or by aggregation (Cundy et al., 1995). And the emerging microcrystal grows
to an ordered and crystalline material entity containing Si-O-Al linkages which form the
tangible zeolite catalysts that are used in transesterification reactions among other

applications (Cundy & Cox, 2005).

2.9 Characterization of Heterogeneous Zeolites

After zeolites’ production and before their use in biodiesel production, the catalysts
are carefully characterized as the nature and properties of zeolites affect the quality of the
biodiesel produced. X-ray diffraction (XRD) is a technique used for the characterization of
the composition and crystallinity of the produced zeolites. The specific surface area is
calculated by the Barrett Joyner Hlenda (BJH) and Brunauer Emmett Teller (BET)
methods. Pore volume and pore size distribution are also provided by the N, adsorption-

desorption isotherms. Scanning electron microscope (SEM) is used to determine the
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morphology of the prepared zeolites. Transmission electron microscopy (TEM) is a
technique used to examine the particle’s diameters and morphology. Fourier transform
infra-red (FTIR) spectroscopy is sensitive to the assimilation of phases. For zeolite acidity
studies, IR bands deriving from the stretching modes of the hydroxyl groups are studied to
differentiate between Bronsted and Lewis acidity. The basic probe pyridine is commonly
adsorbed on the acid zeolite and modifies the O-H bonds stretching frequency depending
on the acid strength of the corresponding site. The characteristic IR bands of the pyridinium
ion formed at the Brensted acid sites and the coordination complexes at the Lewis sites are
soundly distinguished at 1540 cm™' and 1450 cm ', respectively (Derouane et al. 2013).
Basicity can be assessed by FTIR as well. Dang et al. distinguished between LTA zeolites
and their NaOH-treated form using FTIR. LTA activated with NaOH showed bands at
997.2 cm ' associated with asymmetric AI-O vibrations in comparison with non-activated

LTA zeolites (Pang, Chen, and Lee 2017).

2.10 Economic and Environmental Considerations of Biodiesel Production by Zeolite

Catalysts

The lower price of the catalyst would bring a direct reduction in the overall
production cost. However, the main criteria in choosing an economically viable catalyst for
the transesterification reactions is ruled by the feedstock character, such as FFAs and water
content (Singh & Singh, 2010). For low quality feedstock with high FFAs and water
content, transesterification performed by heterogeneous acid catalysts such as zeolites have
the economic advantage of reducing unit cost of biodiesel production by being easily and

cheaply recovered for reuse without the required process steps for product separation and
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purification needed in homogeneous catalysis (Avhad & Marchetti, 2015; Lam et al., 2010;
Zheng et al., 2006). Additional advantages of using heterogeneous zeolites in catalytic
processes such as the transesterification of oils include the ease of separation from the
liquid products, and the toxicity, corrosion and environmental pollution reduction (Lee and

Saka 2010).

2.11 Summary of the Review

As the fruit of detailed research into biodiesel synthesis using numerous catalysts,
some key conclusions can be drawn:
1. The present review helps identify benefits and challenges in various transesterification
paths used for the production of biodiesel.
2. Information regarding chemical and physical characteristics of oil feedstock help
determine the proper and most efficient catalytic method for biodiesel production.
3. An overview of various catalysts used in biodiesel production were investigated focusing
on zeolitic catalysts which offer on one hand, high yield, better selectivity and
regenerability in comparison with homogeneous catalysts, and on the other hand, higher
surface area, and controllable acidity, basicity, and hydrophobicity, in comparison with
other heterogeneous catalysts.
4. A better understanding of the transesterification reaction conditions using zeolitic
catalysts such as, temperature, alcohol to oil ratio, catalyst loading, and reaction time

allows optimizing the biodiesel yield.
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CHAPTER 3

PRELIMINARY ECONOMIC ASSESSMENT OF THE USE OF WASTE FRYING
OILS FOR BIODIESEL PRODUCTION IN BEIRUT, LEBANON

In this chapter, a method for assessing the costs of biodiesel production from waste
frying oils in Beirut, Lebanon, is investigated with the aim of developing an economic
evaluation of this alternative. A hundred restaurant and hotel enterprises in Beirut were
surveyed and were promoted to participate in the biodiesel supply chain. The survey was a
mean of data collection on waste frying oils generation, disposal methods and frequency, and
acquisition cost. Also, waste frying oils were collected and converted into biodiesel using a
one-step base catalyzed transesterification process. Physicochemical characteristics of the
produced biodiesel were tested for conformity to international standards. Data produced from
laboratory scale conversion of waste frying oils to biodiesel, as well as data collected from
the only biodiesel plant in Lebanon are used to determine the production cost of biodiesel. A
Geographic Information System is used to propose real-time vehicle routing model to
establish the logistics costs associated with waste frying oils collection. Sensitivity and

benefit analysis of biodiesel production from waste frying oils are also discussed.

3.1 Introduction

More and more countries around the world are turning to renewable energies to use as
resources. Research has confirmed the wisdom of these efforts, as many studies have shown
that an increased use of intermittent renewable energy sources can reduce carbon emissions

(Lund 2007; Nelson et al. 2012; Solomon et al., 2014). Of these intermittent renewable
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energy sources, biomass is the most frequent form (McKendry 2002; Uthman and
Abdulkareem 2014) and can be converted to other utilizable forms of energy like biofuels.
And, among these biofuels, biodiesel is one of the leading potential alternatives to petroleum
( Tan et al., 2011; Veiga et al. 2014).

Literature on biodiesel has focused on the optimization of biodiesel production
processes from waste frying oil which involve the transesterification of oils by a short chain
alcohol in the presence of a suitable catalyst (Al-Hamamre and Yamin 2014; Alves et al.
2013; Fernando et al. 2007). Dias et al. compared the performance of different homogeneous
alkali catalysts during the transesterification of waste and virgin oils (Dias et al., 2008).
Sabudak and Yildz added to Dias’s work by performing a two-step acid-base catalyzed
transesterification and comparing biodiesel yields (Sabudak and Yildiz 2010). Uzun et al.
determined the optimized reaction parameters by carrying out an alkali-catalyzed
transesterification of WFOs under various conditions, permitting the investigation of the
effects of catalyst type, catalyst concentration, reaction time, methanol/ethanol molar ratio,
reaction temperature, and purification type on biodiesel yields (Uzun et al. 2012).

On another note, many studies have analyzed the economic feasibility of producing
biodiesel from WFOs. In South Africa, large-scale biodiesel production was investigated
based on a 2% blend with conventional diesel (Moodley, 2006). Small-scale, on-farm studies
examined the potential of using biodiesel as an alternative local fuel (Pienaar and Brent
2012). Patle et al. analyzed trade-offs between profit and heat duty, and profit and organic
waste generated in two biodiesel production processes. They deduced that the profit improves
with the increase in heat duty, and that the profit increase is accompanied by larger amounts

of organic waste, the main contributor to these increases being the waste cooking oil flow
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rate (Patle et al. 2014). Araujo et al. proposed a method to evaluate the costs of biodiesel
production from WFOs with the goal of assessing the economic feasibility of such an
alternative. The method they used embraced a logistics perspective which proved to be
relevant to the total biodiesel production cost (Araujo et al., 2010). Valizadeh et al. proposed
a method for improving the economic performance of biofuel supply chain in Malaysia and
recommended that by incorporating uncertainties including feedstock demand, the biodiesel
supply chain would be optimized (Valizadeh et al., 2014). Mosarof et al., assessed the cost of
biodiesel produced from palm oil by including the feedstock price, installation, operation, and
maintenance costs of the biodiesel production plants, and by-products credit and concluded
that economic prospects for the produced biodiesel are not yet promising due to factors such
as production cost and fuel economy (Mosarof et al. 2015). Chanthawong and Dhakal
contributed to the liquid biofuels’ market analysis in illustrating import-export dynamics in
Southeast Asian Countries in terms of policies and challenges (Chanthawong and Dhakal
2016).

This study aims at assessing the economic feasibility of biodiesel production from
WFOs in the capital of Lebanon, Beirut, and uses data produced from laboratory scale
conversion of WFOs to biodiesel, as well as data collected from the only biodiesel plant in
Lebanon to determine the production cost of biodiesel. Data from 100 restaurants and hotels
in Beirut aiming at evaluating WFOs generation and potential contribution of the food
enterprises to the biodiesel supply chain were equally analyzed. This study presents an initial
assessment of the economic feasibility of the implementation of biodiesel production at a
large scale in Lebanon which was not addressed previously. Furthermore, the study proposes

vehicle routing model scenarios to determine logistics network for the profitable reuse of
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WEFOs in Beirut. The assessment of the economic feasibility of biodiesel production from
WFOs allows for a better understanding of cost interactions and acts as an initial ground for
multiple actors such as government and WFOs and biodiesel producers, to jointly implement

the recycling logistics system of WFOs in Beirut as well as in other cities.

3.2 Methodology

The study involved laboratory-scale biodiesel production, field research through
visits, interviews, and the distribution of a structured questionnaire for data collection
purposes from main WFOs producers including restaurants and hotels enterprises. The study
also entailed the development of a vehicle routing model scenarios to determine logistics

network for the profitable reuse of waste frying oil in Beirut.

3.2.1 Waste Frying Oils Collection

Fast food restaurants and hotels being the main sources of WFOs in Lebanon were
chosen as the population. The sample included small, medium, large and chain restaurants
and hotels in Lebanon’s capital and most crowded city, Beirut. 36% of the enterprises had no
more than 100 seats and 25% served more than 200 dinners per day. The types of food
facilities ranged between ethnic, fast food, casual dining and fine dining. Structured
questionnaires were carried out with the different restaurants and hotels to obtain information
concerning how long is the oil used before it is disposed of, how much WFOs are generated,
and for how much it is sold. In parallel, other interviews were performed with WFOs
collection companies based in Lebanon and responsible for collecting and exporting the used

oils for recycling outside Lebanon. All corresponding visits delivered entry data for the form
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of collection of the oil, the capacity and cost of the collecting vehicles, and the time taken to
achieve the rounds. The only company that produces biodiesel from WFOs, currently
operating in Lebanon was also surveyed. This last step produced information about large-
scale production costs, including general expenses, equipment, manufacturing costs and fixed
capital. The different restaurants and hotels visited were mapped and georeferenced through a
Geographical Information System (GIS). The location of the only biodiesel company in the
country was also added to the map, thus helping develop a vehicle routing model that finds
the best WFOs transportation sequence to the operating plant, minimizing the impedance and

optimizing the logistics cost.

3.2.1.1 Data Collection

This paper opts for restaurant and hotel enterprises as the focuses for two reasons.
First, the amount of WFOs produced by restaurants and hotels is much larger than that of
families, giving a much more observable sample. Second, restaurants and hotels dispose of
the WFOs in a more marketing approach. For these reasons, studying such subjects is more
suitable to coordinate and manage a supply chain that helps in the establishment of the
logistics cost and the WFOs acquisition cost. The capital of Lebanon, Beirut, was selected as
the survey area since it holds a large number of restaurants and hotels. Over 70 restaurants
and 30 hotels were surveyed. The return rate of the questionnaire was 87%. Descriptive
statistics and graphics analysis were used to describe the basic features of the collected data
including the quantity of vegetable oil consumed, WFOs disposal frequencies and methods,

the willingness of the restaurants and hotels owners to cooperate in the WFOs supply chain,
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and the acquisition cost of WFOs. They formed the basis of the subsequent quantitative
analysis for the assessment of the economic profitability of biodiesel production from WFOs

in the study city, Beirut.

3.2.1.2 Questionnaire Design

As a mechanism for obtaining information and opinion on WFOs commercialization
and their potential use in biodiesel production, a structured questionnaire was designed to
survey restaurants and hotels in the area of Beirut (APPENDIX E: Table E). The designed
questionnaire adopted in this study included questions regarding the generation and disposal
of WFOs, the recycling approach and motives and the willingness of the surveyed enterprises
to participate in the WFOs supply chain for the production of biodiesel. The questionnaire
covered basic information related to the number of seats, the type of food served, the number
of meals per day, the types, amounts and costs of vegetable oil used, the period during which
a batch of vegetable oil is used before disposal, the quantities and sale prices of WFOs
produced, the methods of WFOs disposal, the awareness of WFOs recycling through
biodiesel production, and the willingness to participate in the WFOs supply chain for
biodiesel production. The questionnaire was also a mean to obtain WFOs samples in order to
assess their biodiesel yield in the lab. The return rate of the sample collection was 22%. The
physical appearance of the WFOs was examined at the time of the collection in order to
confirm the information provided by the enterprises’ owners towards the periods of use of the
WFOs before they are discarded and differentiate between minimally used batches versus

more exhausted ones.
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3.2.2 Biodiesel Production

3.2.2.1 Reagents and Chemicals

The reagents used during the synthesis and purification procedures were: methanol
99% (Fischer Scientific), potassium hydroxide capsules 95% (KOH, Aldrich), sulfuric acid
99% (H2SO4, Aldrich), anhydrous magnesium sulphate 70% (MgSOs, Aldrich) and

anhydrous sodium sulphate 99% (Na,SO4, Aldrich).

3.2.2.2 WFOs Sampling and Preparation

WFOs’ sampling was conducted during the summer season over a period of 2 months
extending from mid-June until mid- August. Samples were collected in 0.5 L amber glass
bottles and were subsequently randomly mixed to prepare the oil feedstocks for biodiesel
production. All WFOs batches were produced from the mixture of at least three different
supply sources including WFOs of different quality (WFOs discarded after a maximum of 4
days of use and those used for a longer period, ranging between 5 and 8 days). A total of 21

batches were reconstituted and used for the biodiesel production.

3.2.2.3 Pretreatment and Transesterification

The prepared WFOs mixtures were first filtered (Whatman GF/A 90mm O filter
paper) to remove food residues. Most of the water was initially removed by gravity
separation and the oil was then heated at 105—-110 °C to remove any additional water until

constant sample weight is reached. Next, the quality of WFOs mixture samples was examined

47



by testing the acid values. For mixtures of WFOs containing a level of free fatty acids (FFAs)
lower than 5% (0.94% to 3.56%), biodiesel synthesis was carried out via a one-step base
catalyzed transesterification, following a modified method used by Dias et al. (Dias et al.,
2008). A defined amount of methanol (6:1 methanol/oil molar ratio) was pre-mixed with the
KOH catalyst at a 0.75% of oil mass. The mixture of methanol and catalyst was then added to
200 g of WFOs preheated in a reactor at the reaction temperature (60 °C). The reactor
consisted of a 1 L flat-bottom flask equipped with a magnetic stirrer. The reaction time was 1
h under stirring at 600 rpm. For FFAs content higher than 5% (6.73%) which consisted of
only 5% of the mixed WFOs samples mixed, the synthesis method was different. On these
samples which were of a visually poor quality and contained oil that had been used
continually for a month, acid-catalyzed esterification was first carried out to ensure the
conversion of FFAs to methyl esters. In this case a method by Inman et al. was adopted
(Inman 1945). Briefly, methanol (77% of the weight of oil) and sulfuric acid (0.75% of the
weight of oil) were added to the oil while stirring took place at 60 °C for 1 h. After
neutralization, methanol (6:1 methanol/oil molar ratio) premixed with KOH (1.25% of the
weight of oil) was added, and the mixture was stirred for an additional hour at 50 °C. The oil
phase was analyzed and new FFAs average values of 2.7% were obtained. Since the fraction
of oil mixtures with acid value higher than 5% was minimal (5% of the total oil mixtures
prepared), it was disregarded from the study analysis and cost assessment of the biodiesel
production was only based on the one step base catalyzed transesterification. This was
deemed reasonable, as an initial step of acid esterification would erroneously increase the
overall cost of the production and is unnecessary when considering the option of further

decreasing the oil FFA content through mixing it with additional amount of oil of low acid
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values. Samples of mixed WFOs were prepared in duplicates for the transesterification
reactions. For each sample, the experimental errors were determined for the different reaction
parameters including reaction temperature and weight of used chemicals. An experimental

error of less than 0.5% was obtained.

3.2.2.4 Purification

At the end of the transesterification reaction, products were left to settle in a
decantation funnel for 1 h to ensure the separation of the mixture into two layers. The upper
layer contained methyl esters, and the lower one consisted of glycerin, remaining catalyst,
excess methanol, soaps formed and some drawn methyl esters. Lower concentrations of
glycerin, catalyst and methanol were in the upper methyl ester phase.

The upper phase was washed firstly with an acid solution (0.2% H,SO4) and then repeatedly
with distilled water (ratio of 1:1), until the pH of the washing water was the same as the
distilled water. To remove unreacted glycerides and water, 2 g of magnesium sulfate
(MgSO,4) were added at 35 °C for 45 min (Felizardo et al. 2006). Biodiesel was later dried
over anhydrous sodium sulphate (Na;SO4) for 1 h under room temperature, and then filtered

under reduced vacuum in order to obtain the purified biodiesel.

3.2.2.5 Biodiesel Quality Characterization

The characteristics of the final biodiesel product were determined according to the
ASTM D 6751 and EN 14214 standard test methods, which include the acid value (ASTM

D664), kinematic viscosity (ASTM D445), density (ASTM D4052), flash point (ASTM
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D93), and methyl ester content (EN 14103). Biodiesel samples were prepared in DCM.
FAMEs concentration in biodiesel was determined according to the EN 14103:2011 method
using an internal standard. The analysis was performed on a Trace Ultragas chromatogram
equipped with a flame ionization detector and an HP-INNOWAX capillary column
(30m*x250pumx0.25 pm). The flow rate of helium carrier gas was 1 mL/min. The split flow
rate was equal to 100 mL/min, the inlet temperature was held at 320 °C and the flame
temperature was 250 °C. The sample injection volume was 1 pL. The oven temperature
program was as follows: start at 60 °C (2 min), ramp at 10 °C/min to 200 °C, ramp at

5 °C/min to 240 °C (7 min).

3.2.3 Assessment of Economic Feasibility of Biodiesel Production
To assess the production feasibility of biodiesel from WFOs, several cost categories
were investigated. These were: acquisition cost of the WFOs depending on source, logistics
cost incurred in the WFOs collection, inputs cost counting the different reagents and
chemicals used for the production of biodiesel as determined through the laboratory scale
transesterification reactions, production costs considering general expenses, equipment and
fixed capital at the scale of plant capacity as per the data provided by the only biodiesel plant

in Lebanon, and finally labor and taxes costs.

3.3 Results and Discussion
3.3.1 Production
Product yield is defined as mass percentage of final product transesterified and

purified relative to the initial mass of WFOs introduced into transesterification. For the
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mixtures of WFOs containing a level of FFAs higher than 5%, the acid-base
transesterification resulted in a final yield of biodiesel ranging between 19.1 and 35% (w/w).
Much higher yields were obtained in the case of the one-step base catalyzed
transesterification and ranged between 96.9 and 99.4% (w/w). Considering the very low yield
and negligible fraction of the oil mixtures with FFA levels higher than 5%, this fraction was
not included in any further analysis and only the one-step base catalyzed transesterification

was considered in the assessment of biodiesel production cost.

3.3.2 Characterization of Biodiesel
The physico-chemical properties of the biodiesel samples produced through a one-

step base catalyzed transesterification were determined and are presented in Table 1.
Triplicate analysis was performed in each case and the average results were reported. All
reported parameters are in accordance with ASTM D6751 and EN 14214 standards except for
the acid value. The latter exceeds the limits. In fact, 85% of the biodiesel samples showed an
acid value ranging between 0.1 to 0.4 mg KOH/g, and 95% of these samples exhibited acid
values between 0.1 and 0.25 mg KOH/g. The remaining 15% recorded an acid value slightly

higher than 0.5 mg KOH/g (0.55 to 0.65 mg KOH/g).

Table 1. Physical and chemical properties of the biodiesel produced from WFOs

Property Value Limits (EN 14214)  Limits (ASTM D6751)
Acid value (mg KOH/g) 0.1-0.65 0.5 0.5
Kinematic viscosity at 40°C (mm?”/s) 421-4.78 3.5-5.0 -

Density at 15°C (g/cm’) 0.886 - 0.891 0.860 - 0.900 0.860 - 0.900
Flash point (°C) 165—-178 - 130

Water content (% w/w) 0.02 -0.04 0.05 -
Potassium content (mg/kg) 1.7-39 - 5
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Sulphated ash (%) 0.006 - 0.017 0.02 0.02

Ester content of FAME (% w/w) 96.9-994 96.5 96.5

The produced biodiesel characteristics agree with the Standard Specifications for
Biodiesel Fuel. High levels of free fatty acids will influence fuel aging (Felizardo et al. 2006;
Predojevi¢ 2008) and affect biodiesel stability (Dias et al., 2008). 85% of the samples showed
an acid value lower than the limit, with values ranging from 0.1 to 0.4 mg KOH/g. For all
analyzed samples, flash point was much higher than the minimum standard limit. Values
ranged from 165 to 178°C. These high values indicate the recovery of excess methanol and
safety in handling and storage (Encinar et al., 2007; Srivastava and Verma 2008). High yields
of FAME (96.9% - 99.4%) obtained prevent carbon deposition that lead to negative impacts
on fuel injector performance allowing fuel atomization and distribution in the engine (Meher
et al., 2006). FAME yields are very much related to the viscosity and density which serve as
indicators of the completeness of the transesterification reaction and which are in compliance
with the ASTM and European Biodiesel Standard (Felizardo et al. 2006; De Filippis et al.,

2005).

3.3.3 Analysis of the questionnaire
Data generated from the questionnaire was gathered for a typical working week.
Amongst the surveyed facilities, the average weekly generation of WFOs was 70
kg/week/restaurant (variance =45.832). Figure 3a describes the quantity of edible oils
consumed per week by the surveyed restaurants and hotels. It indicates that 43% of all

enterprises use more than 90 kg/week/restaurant of edible oil of different types.
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Figure 3b presents the disposal method of WFOs by the different surveyed restaurants
and hotel enterprises. Among the facilities, 9% disposed of WFOs once per day. The largest
amount (79%) of enterprises disposed of the WFOs by a frequency of 1-4 days, while 18% of
the facilities changed their frying oil with a fresh one every 5-8 days. The survey showed that
WEFOs recycling was quite high, whereby 87% of the facilities sell the used oil for economic
benefits with little or no knowledge of its fate. The main buyers were independent venders,
companies that export WFOs for biodiesel production outside Lebanon, or the biodiesel
production plant currently operating in Lebanon (Figure 3c).

After putting a slight effort into providing the restaurants and hotels facilities with an
understanding about the significance and the motives behind recycling WFOs for biodiesel
production, a total of 76% of restaurants and hotels enterprises expressed willingness to
cooperate with biodiesel manufacturers (Figure 3d). The willingness rate was accompanied
with two main cooperation demands, summarized in a door-to-door collection service and a

sensible WFOs selling price.

3%

® More than 90kg monce every 2 to 4 days
® between 40kg and ®once every 5 to 8 days
90kg
once per day
Less than 40kg
once per month
a: Quantity of vegetable oil consumed per week b: WFOs disposal frequency

53



m Sell to venders

m Cooperate with the

Biodiesel company EYes
in Lebanon
m Indifferent
Cooperate with
companies that No
export WFO for
biodiesel
production
Direct discharge
c¢: WFOs disposal method d: Willingness to cooperate with biodiesel producers

Figure 3. Questionnaire data per typical working week

3.3.4 Formation of the logistics costs
Logistics cost is of relevance to the total biodiesel production cost. WFOs need to be

collected from the various supply sources that are geographically widespread, requiring
planned collection. The cost of collection of WFOs from restaurants and hotels and its
delivery to the biodiesel production plant should be embraced since the results obtained
partially demonstrate the economic viability of biodiesel production from WFOs. To
determine the logistics cost, different routing scenarios were developed, tested and compared
based on the information acquired from the survey. The logistics cost per liter was calculated

as the ratio of the total collection cost to the total volume of oil collected.
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Upon conducting the survey in 100 restaurants and hotels in Beirut city, two major
categories were strongly noted among the enterprises. 79% of the enterprises renew the
frying oil they use every 4 days or less, while 19% of the enterprises replace the frying oil
they use with fresh vegetable oil every 5 to 8 days. A very limited number of hotels change
the frying oil used once every month. Since the amount of oil disposed of counted for only
0.03% of the total volume of oil, these corresponding hotels were no longer reckoned as
collection points for the transportation design.

The assumptions for truck fuel was given a fixed cost of fuel of 0.2 $/km. The
average driving speed for trucks in the city was set at 40 km/h and the fixed cost per vehicle
adopted was $ 7.76 per hour, justifying the labor cost of the driver (owner of the truck) and
his assistant. The regular working time for the driver and his assistant was calculated at 10
hours including the unloading time at the biodiesel production plant and the lunch-break.
Justifiable over-times (traffic, unexpected events like accidents, and need for repair) were
given an hourly rate of $ 8.7. Each enterprise was estimated to be visited once during a
collection event and every visit calls for 10 minutes between the collections of WFOs and
receipts.

To decide for the truck capacity, the total amount of WFOs from the hotels and
restaurants were added accounting for a weight of 2 kg for each empty 20 L-container (Table
2).

A stationary collection system designed to gather WFOs stocks twice every 8 days. This
system created separate collection times/routes/clusters for hotels and restaurants with similar
WFOs disposal periods whereby the truck travels to and from the biodiesel production plant

when fully loaded from the multiple collection points. The first collection was scheduled on
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day 4 of the 8 day period and was geared to amass the WFOs from enterprises that changed
the frying oil every 4 days or less; the second collection was planned for 4 days after the first
collection to collect the WFOs generated from all restaurants and hotels including those that
renew their oil every 4 days or less, having generated new stocks of WFOs.

Three scenarios were adopted, in which collection points were organized according to the
categories discussed above and for which a routing system was created (available in
supplementary information). Scenario 1 describes the collection of the WFOs twice every 8
days from the restaurants and hotels by the same truck of 6 t capacity (APPENDIX E: Figure
E1). Scenario 2 defines the collection of WFOs by 1 vehicle of 5 t for the first collection and
by two trucks of 5 t and 1 t capacity respectively during the second collection (APPENDIX
E: Figure E2). Having observed that the different collection points could be easily separated
into zones, Scenario 3 was chosen to proceed with the clustering technique which represents
two different regions of Beirut: East zone and West zone. Each zone will be visited by a

vehicle of 3 t each collection day (APPENDIX E: Figure E3).

Table 2. Determination of vehicle capacity based on the suggested collection scenarios

Parameters Scenario 1 Scenario 2 Scenario 3

WFOs collection <4 days < 8 days <4 days < 8 days <4 days < 8 days
Clusters - - - - East West East West
Amount of oil to 3851 4553 3851 3851 744 2423 1950 2632 2311
collect (kg)

Weight of empty 426 504 426 426 82 268 216 290 256
gallons (kg)

Total weight (kg) 4277 5057 4277 4277 826 2691 2166 2922 2567
Vehicle capacity (t) 6 6 5 5 1 3 3 3 3
Number of Vehicles 1 2 2
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Real distances were then generated on GIS which allowed the acquisition of the total
travelling time, the cost per distance travelled, the driver’s salary per operational day and the

total cost per year for each scenario (Table 3).

Table 3. Total logistics cost per year for the different scenarios generated

Scenario 1 Scenario 2 Scenario 3

Parameters Generation Generation Generation Generation of Generation Generation
of WFO < of WFO < of WFO < WFO <8 days of WFO <4 of WFO <8
4 days 8 days 4 days days days

Cluster - - - - - East West East West
zone zone zZone Zzone

Number of 64 79 64 64 15 31 33 38 41
enterprises

Vehicle 6 6 5 5 1 3 3 3 3
capacity (t)

Total 61.20 66.51 61.20 61.20 40.58 38.85 4425 4520 4821
distance

traveled

(km)

Total 15.41 18.09 15.41 1541 6.56 824 872 959 10.18
travelling
time* (h)

Fixed fleet 12.24 13.30 12.24 1224 8.12 777 885 9.04 9.64
cost per
distance
($/km)

Driver’s 113.77 137.08 113.77 113.77 66.70 66.70 66.70 66.70 68.27
salary per
operational
day (8/d)

Total cost 126.01 150.38 126.01 126.01 74.82 7447 7555 7574 7791
per

operational

day ($/d)

Total cost 35172.28 37795.60 36600.75
including

maintenance

($/yr)

Logistics 0.08 0.09 0.08
cost ($/L)
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The development and testing of the different scenarios for vehicle routing permitted
the comparison between these to determine the realistic WFOs collection routine with
optimized logistics cost attached.

Logistics cost per liter is the ratio of the total collection cost to the total volume of oil
collected twice every 8 days. The data corresponds to the collection for a typical year. The
results show that the logistics cost for Scenarios 1 and 3 are similar. The increased distance in
Scenario 3 is compensated by the total cost as the driver does not work for extra hours.
Therefore, no extra fees beyond the 10 working hours are charged. Furthermore, the number
of hours that the driver would need to satisfy in the event of driving a 6 t vehicle, is 5 to 8
hours beyond the 10 working hours. Such a scenario is not favored considering the
appropriate and ethical working hours limit of any worker on one hand, and the means of
being able to cover all the restaurants and hotels enterprises during opening hours on the
other hand. In Scenario 2 the same vehicle of 5 t goes through the same routing system
during the two collections. All the restaurants and hotels enterprises that change the frying oil
every 5 to 8 days were grouped to be visited by a 1 t capacity vehicle. With this alternative,
the logistics cost increased to 0.09 $/L of WFOs collected. Compared to the two other
scenarios, scenario 3 presents results which show that the oil collected per vehicle is
especially convenient to the maximum capacity of the vehicle (3 t), much as the number of
hours consumed that is within the 10 hours working period, which demands no extra fee from
the production plant. Therefore, clustering seems to optimize the commutation between cost
and vehicle capacity. Taking scenario 3 into consideration, a possible variation in the
agreement upon the amounts of WFOs supplied should be recognized. The offers are flexible

enough to accommodate a variation of 25% accounting for tourism, seasonal flows, and
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holidays. A logistics cost increase to 0.10 $/L of WFOs collected follows a decrease of 25%
of the quantity of the WFOs offered (6,654 L every 8 days). That is mostly due to the
shortage in the vehicles capacity filling. Whereas, in the case of an increase of 25% (13,820 L
every 8 days), the logistics cost drops to 0.06 $/L of WFOs collected and the weight

surcharge can be filled into the 3 t vehicles when well distributed.

3.3.5 Calculation of total cost
The final cost of large-scale biodiesel production from WFOs factors in the cost of
acquiring the WFOs, the logistics cost incurred in WFOs collection, the cost of the different
reagents and chemicals used for the production of biodiesel, production costs that include
general expenses, equipment and fixed capital at the scale of a plant capacity, and finally
labor and taxes costs. Logistics costs related to the distribution of the produced biodiesel to
retail outlets were not included in the overall biodiesel costs as the studied biodiesel plant

uses the ex-works method for the distribution of the end product.

3.3.5.1 Acquisition cost of WFOs

Large scale biodiesel production industries encounter some difficulties concerning
raw material, among which is the unreliability of supplies (Y. Zhang et al. 2012). Findings in
the field, state that the solution to this problem is to improve WFOs supply chain

coordination and reduce the cost of WFOs supply (Peidong et al. 2009).
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Figure 4 presents the acquisition cost of 20 L of WFOs (standard volume of the
commonly used liquid storage container is 20 L). The average acquisition price of 1 L of

WFO was found to be US$ 0.35 with a standard deviation of 0.05.

m USS$ 6-US$ 8
m US$ 9-US$ 12

For free

Figure 4. WFOs acquisition cost per 20 L WFOs

3.3.5.2 Capital, manufacturing and chemicals’ cost

The present cost takes into account the capital cost, the equipment cost including
material for WFOs transesterification and biodiesel purification, the maintenance cost, and
the cost of production loss. It will be called production cost. Plant capacity is an important
factor affecting production processes as well as the catalyst choice. Marchetti et al. studied a
biodiesel plant of 36,036 t/yr capacity that uses an acid catalyst pretreatment process before
the alkali base transesterification. The production cost of such a plant turned out to be 0.31
USS$/L (Marchetti and Errazu 2008b). On the other hand, Bender studied a much larger
biodiesel production plant (one that employs an alkali-catalyst), of 115,000 t/yr capacity. The
production cost there turned out to be 0.10 US$/L (Bender 1999). In the present study, the

production procedure for collected WFO did not need any acid catalyst pretreatment.
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Therefore, additional equipment costs related to acid transesterification were omitted. The
choice of alkali catalyst was validated by the Lebanese biodiesel production plant we
interviewed. This biodiesel production plant is a medium scale plant of 4,000 t/yr capacity
whose average production cost per liter of biodiesel is 0.20 US$/L (standard deviation = 0.05
USS$/L).

For the tansesterification process to be established, the inputs adopted were the
WFOs, alcohol and catalyst. For 100% biodiesel produced the technical coefficients of the
different inputs to the production procedure were considered. Methanol was adopted at 20%
consumption by volume and the catalyst, at 0.75% consumption by mass.

The methanol cost is based on the purchase price provided by the Lebanese biodiesel
plant. The resulting average price was US$/L 0.60 with a standard deviation of 0.05. The
catalyst cost adopted in the research was US$/L 0.11 with a standard deviation of 0.01.
Therefore, involving the acquisition of methanol and catalyst, for each biodiesel liter
produced, there is an average cost of US$ 0.12 (standard deviation = 0.01 US$/L) and US$

0.00083.

3.3.5.3 Labor cost and Utility and taxes costs

For the 4,000 T/yr biodiesel plant operating in Lebanon, a total of 6 operators
including 5 technical operators and 1 chemical operator, are employed. Since the production
process is continuous and fully automated, it requires less supervision and therefore, the labor
cost remains the same even when the plant capacity increases. The production plant consists

of six total operators. Five technical operators are paid a total monthly salary of US$ 2500
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and one chemical operator is satisfied a salary of US$/month 2000. Based on the operators’
monthly salaries, the study found that for each biodiesel liter produced, there is a labor cost
of US$/L 0.12.

Utility and taxes costs include value-added tax, city tax, security tax, electricity costs and
insurance which add a total of US$/L 0.10 biodiesel produced. The source for this

information was also the biodiesel plant.

3.3.5.4 Glycerin and FAEs credit

Glycerin is generated as a co-product of the transesterification reaction. It has many
applications in the pharmaceutical, food and chemical industries (Dhar and Kirtania 2009).
The process used to purify crude glycerin is composed of methanol removal, neutralization,
distillation and bleaching (Xiao et al., 2013). The income from the sale of glycerin was
considered in the calculation of the total cost and provided by the biodiesel production plant.
A high total value of US$/L 0.10 of glycerin produced is what is currently marketed by the
biodiesel plant to different companies. The glycerin acidification process separates the crude
glycerin into three layers of FAEs on the top, glycerin rich layer in the middle and inorganic
salts at the bottom. Fatty acids’ esters (FAESs) is a high priced product that can be used as
lubricant of tablets (Aoshima et al. 2005). According to the biodiesel plant, the net benefit

from FAEs produced by the purification of glycerin is US$/L 0.30.
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3.3.5.5 Biodiesel cost calculation and analysis

The main variables for the calculation of the cost of biodiesel from WFOs are the
inputs used in the process of biodiesel production, taxes, and the logistics costs. The income
from glycerin and FAEs is also considered in this calculation. As the values for most of the
variables can vary, the calculation was done based on all possible combinations of the three
different values for the logistics, WFOs acquisition, biodiesel production and methanol costs,
yielding 3* = 81 scenarios. The three values used for each variable represent a minimum,
average and maximum cost based on the numbers obtained above. The optimum logistics
values obtained for the clustered scenario were considered as the logistics costs. As the labor,
taxes and the glycerin costs are assumed fixed and the catalyzer cost is not significant in the
total cost composition, variations of these variables were not considered in the biodiesel total
cost analysis. The minimum, average and maximum values of the variables used in the

establishment of the cost of biodiesel are summarized in Table 4.

Table 4.Total fixed and varied costs for biodiesel production from WFOsTable 4:
total fixed and varied costs for biodiesel production from WFOs

Logistics Acquisition Production  Methanol Catalyst Labor Taxes Glycerin
+FA

Minimum 0.06 0.30 0.15 0.11
cost
(USS$/L)

Medium  0.08 0.35 0.20 0.12

fl(_)Jsst$/L) 0.00083  0.12 0.10 -0.40

Maximu 0.10 0.40 0.25 0.13
m cost
(US$/L)
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Figure 5 presents the results for the total biodiesel cost obtained from the different 81
generated scenarios. The average biodiesel cost of the different scenarios is US$/L 0.57. The
cost can drop to US$/L 0.42 in the best case scenario and rise to US$/L 0.71 in the worst case
scenario. Hizari et al. (2014) reported a total cost of US$/L 1.2 for biodiesel produced from
WFOs . The high share of costs was mainly due to the great expense of WFOs (US$/L 0.66)
and the human labor payments (US$/L 0.33). Lee at al. conducted the economic analysis of
three continuous biodiesel processes with production capacity of 40,000 t/yr and including a
conventional alkali-catalyzed process using waste vegetable oil. Also, an alkali-catalyzed
process of WFOs of a 40,000 t/yr of biodiesel produced a total biodiesel cost of US$/L 0.76
including glycerol credit and revenues from biodiesel sales. Glisic et al. performed a techno-
economic analysis of biodiesel production from WFOs using, among other assessed
production technologies, the homogeneous alkali catalyzed process. They reported a cost of
0.63 US$/L of produced biodiesel at process capacities of 100,000 t/yr (Glisic et al., 2016).
Similarly, Patle et al., conducted a techno-economic analysis of an alkali catalyzed biodiesel
production of waste palm oil and concluded that the process profitability increases with the
increase in production capacity (Patle et al. 2014). The present study’s lower average total
biodiesel cost could be attributed to the low WFOs expenses and labor cost as well as the

revenue from biodiesel production co-products.
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A sensitivity analysis was performed in order to define the impact of key parameters

on biodiesel cost variation. Important variables included logistics cost, WFOs acquisition

cost, production cost and methanol cost.

Table 5. Influence of input parameter variation on Biodiesel cost

Varied input

Logistics
(US$/L)

Acquisition
(USS/L)

Production
(USS/L)

Methanol
(US$/L)

Input
variation

(%) "

Simulated
biodiesel
cost
(US$/L)

Biodiesel
cost variation

(%) "

Relative
sensitivity

CC
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0.08 0.35 0.2 0.12 0.57
Logistics 0.06 0.35 0.2 0.12 25 0.55 3.5 0.14
0.1 0.35 0.2 0.12 25 0.59 3.5
0.08 0.35 0.2 0.12 0.57
Acquisition | 0.08 0.3 0.2 0.12 -14.3 0.52 -8.8 0.61
0.08 0.4 0.2 0.12 143 0.62 8.8
production 1098 0.35 0.2 0.12 0.57
0.08 0.35 0.15 0.12 25 0.52 -8.8 0.35
0.08 0.35 0.25 0.12 25 0.62 8.8
0.08 0.35 0.2 0.12 0.57
Methanol | 0.08 0.35 0.2 0.11 8.3 0.56 -1.8 0.21
0.08 0.35 0.2 0.13 8.3 0.58 1.8

*Percent difference between the new input value and the value used for the base simulation, the latter being 0.08, 0.35, 0.2
and 0.12 for logistics, acquisition, production and methanol costs, respectively.

® Percent difference between the simulated biodiesel cost using the new input value and the biodiesel cost obtained in the
base simulation (0.57083$/L)

¢ Relative Sensitivity = (=(AY/Y)/(AX/X) where Y is the sensitivity index value (simulated biodiesel cost) and X is the input
parameter value that is varied.

The absolute values of the relative sensitivity | C | were found to be 0.61, 0.35, 0.21

and 0.14 for the WFOs acquisition cost, production cost, methanol cost and logistics cost,
respectively (Table 5). That is to say that the model is the most sensitive to the WFOs’
acquisition cost followed by the production cost, almost equally least sensitive to the logistics
cost and the methanol cost, nearly 2.5 times more sensitive to the production cost than to the
logistics cost and nearly 2 times more sensitive to the WFOs acquisition cost than to the

production cost.

3.3.5.7 Long-Term Economic Assessment of Biodiesel

The study’s resulting production costs can be compared with the Lebanese market

price of diesel fuel. Figure 6 presents break-even lines for biodiesel minimum, average, and
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maximum costs, in relation to the minimum, average, and maximum prices of marketed
diesel in Lebanon in years 2011 to 2017. For the years 2011, 2012, and 2013 biodiesel costs
are lower than the minimum commercialized diesel for the respective years which
demonstrates that transesterified WFOs could be an economically-sustainable fuel alternative
to common diesels. Within the 81 scenarios, only 4 resulted in a cost higher than the
minimum diesel fuel price for the year 2014. However, for the years 2015 through 2017, the
average cost of biodiesel production is no longer competitive with the average petroleum
diesel prices. In years 2015 and 2017, whereby diesel prices hovered at 0.48 US$/L, only the
minimum biodiesel cost calculated in this study is in general competitive. This minimum cost
is lower than the maximum tolerance for biodiesel viability in comparison with the minimum
diesel cost in 2015 and minimum and average costs in 2016. This makes the viability of

biodiesel as alternative fuel highly dependent on the actual cost of diesel commercialization.
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Figure 6. Variation of diesel oil cost in Lebanon
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Therefore, government’s intervention in the promotion of social and economic
changes is vital to ensure the viability of biodiesel production from WFOs in Lebanon.
Sufficient government enforcement and support leading to a significant reduction in overall
WFOs acquisition cost to which the global biodiesel production is mostly sensitive can lead
to the success and stability of the biodiesel production for the long term. This can be attained
by adopting different measures that commit the government towards biodiesel industries. In
this context, adequate government official policies will be critical in areas such as developing
capital grants for biodiesel producers and increasing fuel levy rebates (Steenberghen and
Lopez 2008). Governmental measures would include encouraging restaurants and hotels to
participate in the biodiesel supply chain, by implementing positive actions. Among these, the
connection of relevant laws about WFOs with relevant laws related to renewable energy
could be considered (Wiesenthal et al. 2009). Through firm directives, WFOs recycling could
also be incorporated into the tax incentive system and into the health assessment, class
assessment, and honor assessment of the restaurants and enterprises promoting competition

(Schulte 2004; Wong et al., 1996).

3.3.6 Environmental and net energy benefit analysis
Aside from solving significant disposal problems, proper utilization and management
of WFOs as raw material for biodiesel production reduce greenhouse gas emissions from
engines. Substituting conventional petroleum diesel with biodiesel or its blends reduces
particulate matter (PM) emissions by up to 75% (Von Wedel 1999). Total hydrocarbon
emissions reductions of 70% were supported by EPA and a number of other studies (Alam et

al. 2006; Nwafor, 2004). A carbon monoxide (CO) emission reduction of almost 50% with
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biodiesel with respect to conventional diesel fuel is reported (Krahl et al. 2003; Peterson and
Reece 1996). Also, biodiesel reduces net CO, emissions by 78.45% compared to petroleum
diesel (Sheehan et al. 2000). To be a viable substitute for a fossil fuel, biodiesel should not
only be economically competitive with petroleum diesel but also to have superior
environmental benefits over it and provide a net energy gain over the energy sources used to
produce it. Therefore, the energy requirements for the key steps in producing biodiesel and
petroleum diesel were compared. Primary energy needed for the production of petroleum
diesel by fractional distillation and for refining crude oil are 1.113 and 0.0650 MJ/MJ Diesel
respectively (Sheehan et al. 2000), resulting in a total energy input of 1.178 MJ/MJ Diesel.
For biodiesel production from WFOs in Lebanon, primary energy inputs are WFOs,
methanol, KOH, human labor, electricity and machinery (including land). Total energy
equivalent per liter biodiesel was obtained by multiplying energy equivalent of input by the
quantity needed per unit volume of biodiesel (L) (Table 6). Total energy equivalent (MJ/L)
was then converted to primary energy used to produce 1 MJ of biodiesel; using energy
equivalent of Biodiesel produced which is 37.25 MJ/L (Kitani 1999). Total energy input for
biodiesel production is 0.867 MJ/MJ Biodiesel. The slightly lower energy equivalent of
biodiesel counter to that of petroleum diesel reflects a lower demand for process energy
across the production of biodiesel from WFOs, making biodiesel more energy efficient than
petroleum diesel. Also, a total energy input and energy output of biodiesel production are
calculated as 32.274 and 44.614 MJ/L which show that biodiesel production results in a
positive net energy balance. The energy output-input ratio is 1.38 whereby, for each MJ of
energy consumed to produce biodiesel, 1.38 MJ of energy is obtained. The energy output-

input ratio was obtained by the following equation
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Total output Energy equivalent per liter of biodiesel (M]/L)

Total input Energy equivalent per liter of biodiesel (MJ/L)

Table 6. Total energy use for biodiesel production

Energy Unit Quantity per Energy Total Energy Total Energy
production Energy  unit volume equivalent equivalent per equivalent per
of biodiesel (MJ/unit) liter of biodiesel  energy equivalent
(L) (MJ/L) of 1L of biodiesel
MJ/MJ
biodiesel)
Human labor h 0.556 1.96" 1.090 0.029
WFOs L 1 23.16° 23.160 0.622
b
Inputs Methanol L 0.271 26.60 7.209 0.194
KOH g 0.0075 19.87°¢ 0.149 0.004
Electricity kWh 0.013 11.93% 0.155 0.004
Machinery  h 0.009 57.78¢ 0.520 0.014
Total 32.274 0.867
Biodiesel L 1 37.25°¢ 37.250 1
Glycerin L 0.12 25.30" 3.036 0.082
b
Outputs Methanol L 0.11 26.60 2.926 0.079
Soap L 0.019 42.105¢ 0.80 0.021
Glycerides L 0.009 66.87¢ 0.602 0.016
Total 44.614 1.198

* Source: Shirazi et al., 2014.

® Source: Singh and Mittal, 1992.

¢ Source:Al-Zuhair et al., 2012.

¢ Source: Huo et al., 2008.

¢ Source: Kitani and Jungbluth, 1999.

"Source: Sheehan et al., 2000; Krohn and Fripp, 2012.
€ Source: Reusch, 1999.

Hence, biodiesel provides sufficient economic and environmental benefits to merit

investment by NGOs and governmental agencies.

3.4 Conclusion
The study proposed vehicle routing model scenarios to determine logistics network
for the profitable reuse of WFOs in Beirut and generated integrated total biodiesel cost.

Despite being an economically-sustainable fuel alternative for the years 2011 through 2014,
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the viability of biodiesel production from WFOs doesn’t apply to the years 2015 to present.
The economic sensitivity assessment of biodiesel production from WFOs allowed a better
understanding of cost interactions and showed that biodiesel production cost is economically
competitive with fossil diesel when a subsidy policy on WFOs acquisition cost is
implemented by the government. Benefit analysis showed that biodiesel presents superior
environmental benefits over petroleum diesel and its production provides a net energy gain.
Accordingly, by interacting with local authorities and creating a more covered supply chain
coordination system, it would be possible to successfully reuse WFOs for the production of
biodiesel on a national scale for the long term, and reduce the environmental damages caused

by their disposal.
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CHAPTER 4

COMPARATIVE STUDY ON THE CATALYTIC PERFORMANCE OF HZSM-
5 ZEOLITES FOR BIODIESEL PRODUCTION: STRATEGY TO INCREASE
CATALYST EFFECTIVENESS.

In this chapter, strategies to improve molecular transport and accessibility of ZSM-5
zeolites were investigated for the esterification of linoleic acid with methanol as a model
reaction for biodiesel production. Zeolite crystals with short diffusion paths and
hierarchical porosity were compared with conventional coffin-shaped microcrystals for
their catalytic activity in terms of acidic properties and pore structure. As-synthesized
catalytic materials were characterized with instruments including XRD, SEM, TEM,
BET/BJH porosimetry analysis, X-Ray fluorescence, and FTIR. The effect of pore size on

the molecular diffusion limitation was investigated by Thiele modulus calculation.

4.1 Introduction

Biodiesel produced from waste renewable resources is a biodegradable,
environmental friendly and non-toxic alternative fuel to the depleted petroleum diesel
(Baskar and Aiswarya 2016; Amid. (2005) Demirbas 2005). Generally, biodiesel is
produced by the transesterification reaction using a homogeneous base catalyst (Tubino et
al., 2014). Despite being cheap, readily available and having high catalytic efficiency, this
process is highly sensitive to water and free fatty acid (FFA) contents in the feedstock. At
high contents, the reaction can change to saponification, which creates several problems in

downstream purification and methyl ester recovery due to the difficult separation of
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products and the increase in viscosity (Atapour & Kariminia, 2011; Tan et al., 2015).
Freedman et al. reported that homogeneous acid catalysts are insensitive to FFA content
and are better than the alkaline catalysts for the transesterification of oils with FFA greater
than 1% (Freedman et al., 1984). However, this process also presents different drawbacks
which can be overcome through the use of heterogeneous acid catalysts. These solid
catalysts minimize the problems associated with homogeneous catalysis in terms of catalyst
separation, recycling and regeneration (Chung et al., 2008; Fan et al., 2007). Further,
transesterification of oils using solid acid catalysts is non-corrosive and eliminates
extensive product purification step (Batonneau-gener et al., 2008; Saravanan et al, 2015).
Nevertheless, one of the main problems associated with the use of heterogeneous catalysts
in the transesterification reactions is the formation of three phases (alcohol, oil and solid
catalyst) which lowers the rate of the reaction and the biodiesel yield, by limiting the
diffusion of reagents and products (Helwani et al, 2009; Zabeti et al., 2009). Zeolites are
crystalline solids with well-defined structures containing silicon, aluminum and oxygen in
their framework (Auerbachet al., 2003). They have been finding applications in many areas
of catalysis, especially in transesterification reactions for biodiesel production (Doyle et al.,
2017; Mowla et al., 2018; Narkhede & Patel, 2014; Otieno et al., 2018; Thoai et al., 2017;
Vieira et al., 2017). They exhibit high acid activity and total surface area with shape
selective features not available in equivalent amorphous catalysts (Gardy et al., 2017; Park
et al., 2010; Ramachandran et al., 2011; Thiruvengadaravi et al., 2012). However, they are
usually synthesized with crystal sizes in the micrometer range and, therefore, with
negligible external surface area. Both characteristics set severe limitations for their use in

the conversion of bulky compounds. Alternative strategies enhancing mass transfer in
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zeolite-catalyzed reactions by shortening the diffusion length and introducing a hierarchical
porosity (micro- and mesoporosities) could make the active sites in the zeolites more
accessible and thus the heterogeneous acid transesterification involving large molecules
such as fatty acids more feasible. Only one study assessed the effect of pore size on the
internal mass transfer limitation in the esterification of oleic acid with ethanol using
microporous acid zeolites (Beta zeolite and ZSM-5 zeolite) and micro-mesoporous acid
zeolites (MFI type ZRP-5 zeolite) (Sun et al. 2015). In the present study, the catalytic
behavior of ZSM-5 zeolites exhibiting distinct crystal morphologies (conventional coffin-
shaped microcrystals, nanocrystals, nanosheets, and nanosponges) was assessed in terms of
acidic properties and pore structure in the esterification of linoleic acid, as a model reaction
for biodiesel production. The influencing factors of esterification including reaction
temperature, molar ratio of linoleic acid to methanol and reaction time were analyzed.
Thiele modulus model was used to discuss the correlation between effective mass transfer
within the pore size of the zeolites and their catalytic performance based on experimental

results.

4.2 Experimental section
Tetrapropylammonium hydroxide is used as template for the conventional zeolites
whereas bifunctional compounds which could generate micropores and mesopores

simultaneously were specifically designed for the synthesis of hierarchical ZSM-5.
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4.2.1 Structure directing agent synthesis
The di-quaternary ammonium-type surfactant C22H45-N+(CH3)2-C6H12-N+(CH3)2-

CsH13Br; (abbreviated as C22-6-6), used for the ZSM-5 nanosheet synthesis were
synthesized in two steps following the modified procedures reported by Na et al. (Na et al.
2010). First, 0.01 mol of 1-bromodocosane and 0.1 mol of N,N,N’,N’—tetramethyl-1,6—
diaminohexane were dissolved in 100 mL of acetonitrile/toluene mixture (1:1 v/v) and
reacted under magnetic stirring at 60 °C for 10 h. After cooling to room temperature, the
solvent was evaporated and the product [C22H45-N+(CH3)2-C6H12-N(CH3)2]Br (denoted
C22-6—0) was washed with diethyl ether and dried in a vacuum oven for 2 h at 50 °C.
Second, 0.01 mol of C22-6-0 and 0.02 mol of 1-bromohexane were dissolved in 40 mL of
acetonitrile and refluxed for 10 h under stirring.
For the synthesis of ZSM-5 nanosponges, the zeolite-SDA-functional surfactant CsH37-N"
(CH3),—C¢H|>-N" (CH3)>—C¢H 2~ N* (CH3); C1gH37(Br ); (abbreviated as 18-N3—18) was
prepared by separately synthesizing C1s8H37—N*(CH3)2>—Ce¢H12—Br(Br) and CisH37—
N*(CH3)2>—CsH12—N(CH3)2 through organic reactions as described by (Na et al. 2011). First,
Ci18H37—-N*(CH3)2>—CsH12-Br(Br) was prepared by dissolving 0.034 mol of N,N’—
dimethyloctadecylamine and 0.34 mol of 1,6—dibromohexane in 1000 mL
acetonitrile/toluene mixture (1:1 v/v). The mixture was heated under stirring at 60 °C for 12
h with reflux. Second, 0.030 mol of 1-bromooctadecane and 0.300 mol of N,N,N’ N’—
tetramethyl-1,6—diaminohexane were dissolved in 600 mL acetonitrile/toluene mixture (1:1
v/v) and heated at 60 °C for 12 h to obtain a solid product with the formula of CisHz7—

N+(CH3)2—CeH12—N(CH3)2(Br-). Finally, equimolar amounts of Ci18H37—N+(CH3)>—CeH12—
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Br(Br-) and Ci18H37—N+(CH3)2—CesH12—N(CH3)2(Br-) were dissolved in acetonitrile (60 mL)
and refluxed for 12 h under agitation to produce the 18—N3—18 surfactant.

For all the reactions, solvent was evaporated after cooling to room temperature for
product precipitation. The products were further filtered, washed with diethyl ether, and
dried in a vacuum oven at 50 °C for 2 h.

The purity of the final solid organic products; C22-6-6 and 18—Ns—18 was analyzed

by solution-state 'H NMR, with CDCIl; as the solvent.

4.2.2 Catalysts Synthesis

Typical ZSM-5 zeolite large crystals with coffin-shape morphology were
synthesized by dissolving 0.26 g of sulfuric acid (Aldrich) and 3.19 g of tetraecthoxysilane
(TEOS, Aldrich, 98%) in 10.75 g of distilled water in a 45 ml teflon-lined stainless-steel
autoclaves. 0.36 g of sodium hydroxide (Riedel de Haen, 99%) and 0.1 g of
Alx(SO4)3.18H,0 (Rectapur, 99%) were added to the mixture. 3.03 g of
tetrapropylammonium hydroxide (TPAOH) aqueous solution (25 wt%, Fluka) was finally
added in order to set the molar composition of the gel to: 100Si0,: 1A1,03 : 30Na,O :
18H,SO4: 20TPAOH: 4000H,0 (Dhainaut et al. 2013). The gel was then stirred at 1000
rpm during 30 min, heated at 60 °C for 4 hours and finally placed in a tumbling oven at 150
°C for 4 days. The autoclaves were set at 30 rpm.

ZSM-5 zeolite nanocrystals were synthesized following the molar composition
50Si0;: 1C9H;;03A1: 6NaBr: 10TPAOH: 450H,0. 0.31 g of CoH»;03Al and 12.1 g of
tertrapropylammonium hydroxide (25 wt% TPAOH aqueous solution, Fluka) were

dissolved in 3 g of distilled water and stirred at room temperature for 20min. 0.93 g of
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NaBr were added to the solution which was stirred for 20 additional minutes. 4.48 g of
porous silica gel (100 mesh) was then added and well mixed with the solution. The gel was
finally placed in an oven at 170 °C for 24 hours.

ZSM-5 nanosheets were synthesized in the same conditions described above for
ZSM-5 zeolite large crystals with coffin-shape morphology. The only difference being the
usage of 1.08 g of the diquaternary ammonium- type surfactant (C22-6-6) instead of
tetrapropylammonium hydroxide aqueous solution (25 wt%). The composition of the gel
therefore being, 100Si0; : 1A1,05 : 30NaO : 18H,SOy : 10C22H45—N+(CH3)2—C6H12—
N'(CH3),—C6H 3Br; : 4000H,0.

To produce ZSM-5 nanosponges of molar composition 100SiO; : 2.5A1,0; :
22Na,0 : 800EtOH : 5 CgH37—N" (CH3),—C¢H,~N" (CH3),~CsH,— N (CH3), CsHs7(Br~
)3 : 7100H,0 as described by Na et al. (Na et al. 2011), 0.08 g of sodium aluminate
(NaAlO; of 56.7 wt% Al,O3, 39.5 wt% Na,O and 3.3 wt% H,0), 0.26g of sodium
hydroxide (Riedel de Haen, 99%), 3.54 g of tetraethoxysilane (TEOS, Aldrich, 98%), 3.07
g of EtOH (99%) and 1.28 g of 18-N3—18 were dissolved in distilled water under stirring,
in a Teflon-lined stainless steel autoclave. The gel was stirred at 1000 rpm at room
temperature during 30 min, then at 60 °C for 6 hours and finally placed in a tumbling oven
at 150 °C for 5 days at 30 rpm.

After synthesis, the different ZSM-5 zeolites were filtered, washed with distilled
water, dried overnight at 105 °C, and finally calcined at 550 °C for 8 h in air to remove the
organic structuring agents.

The synthesized Na-type ZSM-5 zeolites were modified by an ion exchange process

using NH4Cl as a precursor. The dried zeolites were dispersed in 1 M solution of NH4Cl
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with a ratio of 1:20 and heated under stirring at 80 °C for 2 h in a round bottom flask fitted
with a reflux condenser. The ion exchange process was repeated three times and the
mixture was recurrently washed with distilled water, dried at 105 °C and then calcined in
air at 550 °C for 10 h to obtain the H" exchanged zeolite ready for catalysis. The exchanged
zeolites of HZSM-5 big crystals, nanocrystals, nanosheets and nanosponges were labeled

MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5, respectively.

4.2.3 Catalysts Characterization

X-ray diffraction patterns and purity of the different zeolite materials were recorded
using a PANalytical MPD X'Pert Pro diffractometer operating with Cu Ka radiation (A =
0.15418 nm) equipped with an X'Celerator real-time multiple strip detector (active length =
2.122 © 28). The powder pattern was collected at 22 °C in the low range 0.5 <20 < 5° and wide
range 3 <20 < 50° with a 20 angle step of 0.017° and a time step of 220 s.

The homogeneity and the morphology of the synthesized crystals were examined
using a scanning electron microscopy (SEM) (Philips XL 30 FEG microscope) working at 7
kV accelerating voltage and a transmission electron microscope (TEM) (Philips model CM200),
operating at 200 kV, with a point-to-point resolution of 0.3 nm.

The pore size, pore volume and surface area of the samples were measured by N,
sorption (ASAP 2420 system, Micrometitics, USA) and calculated using BET and t-plot
methods. Prior to each manometric measure, 50 mg of the zeolitic samples were outgassed to a
residual pressure of less than 0.8 Pa at 300 °C for 15 h. Nitrogen sorption measurements were

performed at —196 °C and mesoporous volume was calculated using the BJH method.
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The Si/Al molar ratio of the synthesized samples and their successful exchange was
evaluated by X-ray fluorescence (Philips, Magic X).

The amount of Brensted and Lewis acid sites were measured by pyridine adsorption
followed by infrared spectrometry in a Thermo Nicolet Magna 550-FT-IR spectrometer.
Zeolite samples were pressed into a self-supported wafer of 20 mg. Each pellet was then
introduced in the analysis cell and pretreated at 450 °C in air for 12 h. The temperature was
then decreased at 200 °C under air and the cell was placed in vacuum during 1 h to remove
physisorbed species. The temperature was then decreased to 150 °C, and the pyridine
introduced in the cell for 5 min under vacuum for 1 h. The amounts of Bronsted [PyrH']
and Lewis [PyrL] acid sites were determined from the integration of peaks’ areas at
1545 cm™' and 1454 cm™ ' respectively, using extinction coefficients previously determined

by Guisnet et al. (1997).

4.2.4 Esterification Reaction Procedure
For all types of HZSM-5 produced, the esterification reaction of linoleic acid

(ACROS, 99 %) with methanol (Chromasolv, 99.9 %) was performed by reflux in a 50 ml
round-bottomed flask, under stirring (550 rpm). The reactor was loaded with 0.6 ml
(equivalent to 0.54 g and 1 mole) of linoleic acid and the desired amount of methanol (6:1,
12:1 or 25:1 methanol to linoleic acid by molar ratio) was then added. Esterification was
carried out over a range of reaction temperatures (60, 140 and 180 °C) at a catalyst loading
of 10 wt% for 6 h. The desired amount of catalyst was dried before reaction at 105 °C.
Kinetics study was performed for the HZSM-5 type which showed the highest conversions

at reaction times ranging between 0 and 24 h by sacrificing the solution in reaction flasks
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consecutively with time. For the conditions used, the esterification reactions were
performed in triplicates.

At the end of the esterification reactions, extraction of linoleic acid and produced
methyl esters adsorbed to the solid zeolites was ensured. The content of the reaction flasks
was extracted with 50 ml of methanol to dissolve the water produced during the
esterification reaction, followed by two dichloromethane (DCM) (Fisher, 99.8 %)
extractions of 50 mL each, to dissolve the residual linoleic acid and produced methyl esters.
The liquid extracts were separated from the solid catalysts by gravity filtration through a
bed of filtration beads and 0.2 um filter paper and analyzed for methyl esters and residual

linoleic acid.

4.2.5 Fatty Acids and Methyl Esters analysis
Methyl linoelate content in the liquid extracts was determined by gas

chromatography (GC) analysis (Trace Ultragas chromatogram). The GC was equipped with
a HP-INNOWAX capillary column (30 m x 250 um x 0.25 um) and a flame ionization
detector (FID). Helium was employed as carrier gas at 1 mL/min. The injector temperature
was 250 °C at splitless conditions, the FID was set at 300 °C and the injection volume of
the sample was Sul. The initial oven temperature was set at 60 °C with an equilibration time
of 2 min. After the isothermal period, oven temperature was increased to 200°C at a heating
rate of 10°C/min and finally increased to 240°C at a ramp of 5°C/min and held for 7 min.

Peaks of methyl esters (namely Methyl linoleate among other methyl esters) were identified
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based on reference standards (Supelco 37 component FAME mix in DCM, TraceCert). The

yield of the esterification reaction was determined by the following equation (4-1):

Z Cmethyl esters X Vextract

Yield (%) =

x 100 4-1

MO Linoleic acid

Where, Crpethyi esters 18 the concentration in g/L quantified by GC/FID, Veytrace 18

the total volume (L) of the liquid extract, and M ;inoteic acia»> the initial mass of linoleic
acid added to the reactor.

To close the linoleic acid conversion mass balance, residual FAs were determined
using high-performance liquid chromatography (HPLC) according to the method
described by Gratzfeld-HiiSgen and Schuster (Gratzfeld-Husgen & Schuster, 2001) .
whereby, prior to injection, FAs were derivatizated with bromophenacyl bromide (Fluka,
Buchs SG, Switzerland), to obtain their corresponding esters. The analysis was performed
on a 1100 series chromatographic system with a UV visible diode array detector (Agilent
Technologies, CA, USA) using a C18 column (150 x 2.1 mm ZORBAX Eclipse XDB,

5 um). The sample injection volume was 1 plL. A mix of water (A) and acetonirile + 1%
tetrahydrofuran (B) was used as mobile phase with a solvent gradient of 30% B at 0 min;
70% B at 15 min; and 98% B at 25 min. The detection wavelength for the esters of FAs was

258 nm.
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4.2.6 Determination of the kinetics of the esterification reaction
Equation (4-2) describes the stochiometric relationship of the reactants and products

of the esterification reaction.

i i . Catalyst . 4-2
Linoleic acid + Methanol —— Methyl linoleate + H,0

According to general eq (4-2), the reaction rate could be presented as follows (eq
(4-3)):

dCp 4
dt

=k'.Cra-Cue 4-3

where C, 4 is the concentration of linoleic acid (mg.L™"), Cy, that of methanol (mg.L™)
and k’ the reaction rate constant (h™).

Equation (4-3) follows a second order reaction rate law. However, the concentration
of methanol throughout the reaction could be considered constant due to the excess amount
of methanol used to shift the reaction to the products side. Consequently, the concentration
of methanol does not change the reaction order which will behave as a first order reaction

and obey pseudo-first order kinetics (eq. (4-4)) (Birla et al., 2012; Dang et al., 2013).

dCp4
dt

—Ta = =k'.Cra-Cye =k .Cry 4-4

where k= k'.Cy, ~ cst, when methanol is used in excess.
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Assuming that the initial concentration of linoleic acid is C ;4 at time = 0 and
becomes C; ;4 at time ¢. The integration of eq. (4-4) fromt=0to¢t=¢and Cy 4 to C; 14

gives eq. (4-5):

lnCOLA_lnCtLA:k.t 4_5

From the mass balance of the reaction,

where X;,; is the methyl linoleate yield. Upon rearrangement of eq. (4-5), the kinetics of

linoleic acid conversion could be expressed as follows (eq. (4-6)):

ln(l - XML) == _k .t 4_6

4.3 Results and Discussion

4.3.1 Catalyst Characterization

As illustrated in Figure 7a and 7b, only crystalline MFI phase was obtained for all

zeolites which confirms the high purity achieved for the different morphologies of ZSM-5.
However, after exchange with NH,', the hierarchical samples, denoted as NSh-HZSM-5
and NS-HZSM-5 presented less intense XRD peaks, suggesting the presence of smaller
crystalline domains. In addition, XRD reflections of MC-HZSM-5 are sharper than those of
NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 which are relatively broader. This is

explained by the bigger crystal size of HZSM-5 big crystals (MC-HZSM-5), in comparison
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with HZSM-5 nanocrystals, nanosheets and nanosponges. It is important to note that NS-
HZSM-5 reflection peaks are broader and less intense relatively to the other zeolites’
diffractograms which may be explained by the smallest crystallite sizes they hold as shown
through imaging. The use of C22-6-6 and C18-N3-C18 as structure directing agents for
NSh-ZSM-5 and NS-ZSM-5 respectively, produces nanosheets and nanosponges with
meso-structuration recognized by the presence of broad peaks at low diffraction angles
(0.6° <20 < 5°) as shown in Figure 7c. NSh-ZSM-5 broad peak at low diffraction angles
decreases in intensity after calcination whereas it remains intact for NS-ZSM-5 (Figure 7d).
This suggests that nanosponges samples have higher mesoporous volume which will be
confirmed by N, sorption tests. At wide angles, only the diffraction peaks relative to the
(h0I) crystallographic plane are strong enough to be properly indexed for NSh-HZSM-5.
This indicates that the crystal growth along the b-crystal axis (perpendicular to the
nanosheet layer) is prevented by the hydrophobic alkyl tail of C22-6-6 and that the zeolite
layers are assembled in multilamellar arrays through hydrophobic interactions between the
structure directing agent tails outside the zeolite layers, confirming thus the formation of
nanosheets (Na et al. 2010). The wide angle XRD pattern of NS-HZSM-5 suggests a 2D

hexagonal symmetry of micropores stacked in two different orientations (Na et al. 2011).
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Figure 7. (a) Wide angle XRD patterns of calcined MC-ZSM-5, NC-ZSM-5, NSh-ZSM-5,
and NS-ZSM-5, (b) Wide angle XRD patterns of exchanged and calcined MC-HZSM-5,
NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5, (¢) Low angle patterns of non-calcined
NSh-ZSM-5, and NS-ZSM-5, (d) Low angle patterns of calcined NSh-ZSM-5, and NS-

ZSM-5

The SEM images displayed in Figure 8 show the different morphologies observed
for the HZSM-5 synthesized zeolites. Micrometric crystals with parallelepiped shape were
obtained for the MC-HZSM-5, with crystal sizes ranging between 2.4 and 6 pm (Figure 8a).
NC-HZSM-5 crystals have an average size of 85 to 210 nm (Figure 8b). The replacement of
TPAOH by the bifunctional organic structure directing agent C,,-6-6 led to the production of

lamellar materials for NSh-HZSM-5 (Figure 8c) of thickness ranging between 20 and 40
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nm. It is clear from the figure that the zeolite nanosheets were well supported by silica
pillars which retained the interlayer mesoporosity after removal of the surfactant by
calcination. Upon the use of 18-N3-18 as structure directing agent, the increase in carbon
chain length and in the number of quaternary ammonium generated the nanosponge

morphology of NS-HZSM-5 (Figure 8d). The spiky-like nanomaterials are uniform in

shape and size varying between 250 and 350 nm.

Magn ! : 5um ",
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Fiure 8. Scanning electronic microscopy (SEM) images of (a) MC-HZSM-5, (b) NC-
HZSM-5, (¢) NSh-HZSM-5, and (d) NS-HZSM-5.

From the TEM image (Figure 9a), it is well observable that several nanosheets of a

single unit are parallel to each other, presenting an entirely ordered assembly of zeolite
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nanosheets with a vertical diameter of 3.5 nm. TEM image of NS-HZSM-5 (Figure 9b)

show hexagonal arrays of ordered and disordered mesopores and a microporous crystalline

lattice within the mesopore walls.

Figure 9. Transmittance electronic microscopy (TEM) images of (a) NSh-HZSM-5, and (b)
NS-HZSM-5

The textural properties of the calcined HZSM-5 with different morphologies were
investigated by adsorption-desorption of nitrogen (Figure 10). MC-HZSM-5 and NC-
HZSM-5 displayed both an isotherm of type I as expected for microporous solids. A slight
hysteresis was observed for NC-HZSM-5 due to the agglomeration of nanocrystals.
Microporous volumes of MC-HZSM-5 and NC-HZSM-5 was 0.17 cm?.g”' for both zeolites
(Table 7). In the presence of the structure directing agent C22-6-6, NSh-HZSM-5 exhibited
type I isotherms at p/py < 0.4 (p is the vapor pressure and p, is the saturation vapor pressure
of nitrogen) revealing the presence of micropores within the zeolite framework with a
microporous volume of 0.19 cm®.g”. At 0.4 < p/py < 1, the isotherms of NSh-HZSM-5 were
of type IIb (Sing et al.1985) representative of mesoporous materials (mesoporous volume

of 0.13 cm.g™"). A hysteresis loop was also detected, characteristic of lamellar materials,
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which in this case is due to the parallel stacking of nanosheets. The isotherms of NS-
HZSM-5 are of type Ib at low p/py with a microporous volume of 0.27 cm?.g™' (Table 7).
The highest microporous volume relatively to the other morphologies of HZSM-5 is
explained by the presence of a secondary microporosity induced by the polar head of the
18-N3-18 surfactant, in additional to the typical channels of the MFI-type lattice. The
presence of mesopores on NS-HZSM-5 zeolite is indicated by the type IV and type 11
isotherms at 0.4 < p/py < 0.6 with an H4 hysteresis attributed to the capillary condensation
of nitrogen gas in the mesopores, and p/py > 0.9 respectively, holding a mesoporous volume
of 0.35 cm.g". The total pore volume presented in Table 1 increased from MC-HZSM-5 to
NC-HZSM-5, from NC-HZSM-5 to NSh-HZSM-5 and from NSh-HZSM-5 to NS-HZSM-
5, and the BET surface area was higher for the hierarchical materials relatively to the
microporous zeolites. The BJH pore size distribution of Sh-HZSM-5 was monomodal with
a mean mesoporous diameter of 35 A. For NS-HZSM-5 zeolites, the BJH pore size
distribution was more intense and quite broad, presenting an average mesopore diameter of

58 A (Figure 11).
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Figure 10. N2 adsorption/desorption isotherms at =196 °C of the calcined MC-HZSM-5,
NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 samples. Full bullets represent adsorption
isotherms and empty bullets, the desorption ones.
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Figure 11 .Mesopore size distribution of the calcined exchanged hierarchical samples NSh-
HZSM-5 and NS-HZSM-5

FTIR of adsorbed pyridine was used to quantify the acidity of the morphologically

different HZSM-5 catalysts. Two reasons exist that make pyridine a well-adapted probe
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molecule for the acidity quantification: 1) It can access the inner porosity of the zeolite
since it presents a diameter of 2.8 A, much lower than that of the HZSM-5 zeolite (5.5 A)
and, 2) It is a strong base with a nitrogen single electron pair that forms pyridium ion on
protonic Brensted sites (PyrH") and coordinated species on Lewis acidic sites (PyrL)
(Derouane et al. 2013). The concentration of Lewis and Brensted acidic sites were
calculated from the bands at 1454 cm ™' and 1545 cm™', respectively. The results are
reported in Table 7. Bronsted acidity decreases for hierarchical NSh-HZSM-5 and NS-
HSZM-5 in respect to microporous MC-HZSM-5 and NC-HZSM-5 zeolites whereas Lewis

acidity increases for the bi-porous zeolites relatively to the microporous zeolites.

Table 7. Textural properties by N2 sorption and acidity of the morphologically different
HZSM-5 zeolites

HZSM-5 type Si/Al S BET  Total porous Microporous Mesoporous [PyrH']? [PyrL]"

ratio (mxg™) volume volume volume (nmol.g™  (umol.g™)
(em.g™) (em.g™) (em.g™)
MC-HZSM-5 45 395 0.17 0.17 - 351 44
NC-HZSM-5 25 411 0.17 0.17 - 301 76
NSh-HZSM-5 44 521 0.32 0.19 0.13 103 80
NS-HZSM-5 23 613 0.62 0.27 0.35 218 103

*Concentration of pyridine adsorbed on Brensted acid sites after thermodesorption at 150 °C.
®Concentration of pyridine adsorbed on Lewis acid sites after thermodesorption at 150 °C.

4.3.2 Optimized Reaction Conditions of Esterification

4.3.2.1 Effect of Reaction Temperature on Esterification

To study the effect of reaction temperature on the conversion of linoleic acid,

experiments using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 were
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carried out at three different temperatures of 60, 140 and 180°C, under the same reaction
conditions (methanol to linoleic acid molar ratio = 12:1, stirring rate = 550 rpm, catalyst
loading = 10 wt%, and reaction time = 6 h). As shown in Figure 12, catalytic activity for all
zeolites increased with increasing temperature except for MC-HZSM-5 and NC-HZSM-5
which showed no significant difference in linoleic acid conversion at 60 and 140 °C
reaction temperatures with optimal methyl linoleate yield of 34.40 % (SD = 1.45) and 32.25
% (SD = 3.02), respectively, at 60 °C. For all zeolites, the order of conversion at the
optimal reaction temperature of 180 °C was MC-HZSM-5 (45.76 %, SD = 4.85) < NC-
HZSM-5 (51.31 %, SD = 5.33) < NS-HZSM-5 (68.60 %, SD = 3.47) < NSh-HZSM-5
(76.57 %, SD = 4.24). Higher temperatures achieved higher conversions which is explained
by the decrease of fatty acid viscosity at high temperatures, promoting thus a better
methanol/linoleic acid phase mixture and increasing methyl linoleate yield. However,
results show that the increase of acid strength doesn’t seem to be the only factor affecting
the conversions obtained. The effect of pore size on the internal mass transfer limitation

seems to play a major role in the esterification of linoleic acid.
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Figure 12. Effect of reaction temperature variation on the esterification of linoleic acid
using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, NS-HZSM-5 catalysts at methanol to
linoleic acid molar ratio of 12:1, catalyst loading of 10 wt%, stirring rate of 550 rpm, and

reaction time of 6 h

4.3.2.2 Effect of Methanol to Linoleic Acid Ratio on Esterification

Since the esterification is a reversible reaction, the moles of methanol must be in
excess to force the reaction towards the formation of methyl linoleate (Qiu et al., 2011).
The effect of methanol on the conversion of linoleic acid was examined through varying the
amount of the alcohol to achieve a methanol/linoleic acid molar ratio of 6:1, 12:1, and 25:1

in the esterification reactions performed with the different catalysts (MC-HZSM-5, NC-
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HZSM-5, NSh-HZSM-5, NS-HZSM-5). Similar reaction conditions were used and
consisted of 10 wt% catalyst loading, 6 h reaction time, 550 rpm stirring rate, and fixed
optimal temperature of 180°C. Figure 13 shows that the conversion rate of linoleic acid
slightly increased from 46.68 % (SD = 6.58) to 51.31 %, (SD = 5.33) using NC-HZSM-5 as
the molar ratio of methanol to linoleic acid increased from 6:1 to 12:1, and decreased to
34.50 (SD = 7.01) at the highest alcohol to linoleic acid molar ratio. For all other catalysts,
the conversion rate of linoleic acid decreased as the molar ratio increased from 6:1 to 25:1.
While it is a recognized principle that the equilibrium can be shifted towards the direction
of methyl linoleate formation when an excess of methanol is used in the reaction (Xie and
Zhao 2014), at higher methanol to linoleic acid molar ratios, the influence of reverse
reaction is potentially greater than the forward reaction. This phenomenon is due to the
slight recombination of methyl linoleate and water to form linoleic acid. Excess methanol
could affect the solubility of the nearly immiscible water and methyl linoleate encouraging
thus the backward reaction to take place (Shu et al., 2007). The methanol to linoleic molar
ratio of 6:1was thus the optimal molar ratio with an order of conversion of NC-HZSM-5
(46.68 % SD = 6.58) < MC-HZSM-5 (76.62 %, SD =1.37) < NS-HZSM-5 (86.40 %, SD =
2.16) < NSh-HZSM-5 (90.76 %, SD = 1.17). It is noteworthy to mention that NC-HZSM-5
yielded lower methyl linoleate than MC-HZSM-5. Further investigations are needed to

draw clear conclusions.
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Figure 13.Effect of methanol to linoleic acid molar ration variation on the esterification of
linoleic acid using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, NS-HZSM-5 catalysts at
catalyst loading of 10 wt%, reaction temperature of 180 °C, stirring rate of 550 rpm and

reaction time of 6 h

4.3.2.3 Effect of Reaction Time on Esterification

In order to study the influence of reaction time on the conversion of linoleic acid,
experiments were carried out using the catalyst which achieved the highest conversion of
linoleic acid (hierarchical NSh-HZSM-5) at the optimal reaction conditions (methanol to

linoleic acid molar ratio of 6:1, reaction temperature of 180 °C, catalyst loading of 10% and
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stirring rate of 550 rpm) with the variation of reaction time in the range of 0 - 24 h. Figure

14 shows the effect of reaction time on methyl linoleate yield.
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Figure 14. Effect of reaction time on the esterification of linoleic acid using NSh-HZSM-5
catalyst at catalyst loading of 10 wt%, methanol to linoleic molar ratio of 6:1, reaction
temperature of 180 °C, and stirring rate of 550 rpm

According to the results, an increase in the reaction time from 1 to 2 h caused a
marked increase in the conversion of linoleic acid from 18.38 % (SD = 0.85) to 36.26 %
(SD = 1.95) and reached an optimal average yield of 93.87 % (SD = 1.25) with a maximum

0of 95.12 % after 4 h. No further enhancement in the conversion of linoleic acid was
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observed after 4h of reaction time beyond which a decrease in the methyl ester yield was
observed and was significant after 16 h of the reaction. At 16 and 24 h the aspect of the oil
changed and seemed polymerized. Having the solution reacting for a long time at high
temperatures might have resulted in overcooking the linoleic acid and changing its
properties. Aside from yielding lower linoleic acid conversions, higher reactions times are
not favorable for the esterification reactions due to the higher energy consumption they

require. A reaction rate constant of 4.68 x 10" h™' was calculated for NSh-HZSM-5 (Figure

15).

-In (1-XML )

Time (h)

Figure 15. -In(1-X_ ML ) versus reaction time plot at optimal reaction conditions using
NSh-HZSM-5
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For all the experiments carried out, residual linoleic acid was quantified using
HPLC and mass balance closure was inspected. Table F in APPENDIX F presents numeric

methyl esters yields and residual linoleic acid at the different reaction conditions.

4.3.3 Mass transfer evaluation of the synthesized catalysts on the esterification
reaction
Although the presence of ordered micropores in zeolitic materials enhances their
acidity, their sole presence seems to impose intercrystalline diffusion limitations,
contributing to the low usage of the zeolite active volume in the catalyzed esterification
reaction (Taguchi and Schiith 2005). In fact, microporous HZSM-5 zeolites have a small
pore size (5.1 — 5.5 A) and linoleic acid molecules possess a kinetic diameter of 8.08 A

estimated using eq. (4-7) (Wang & Frenklach, 1994).

o = 1.234.(M,)'/? 4-7

where o is the kinetic diameter estimated for hydrocarbons, and My, is the molecular
weight of linoleic acid in g. mol™.

This means that it is unlikely for such a molecule to penetrate the pores and reach
the active intrinsic sites of the microporous zeolite such as MC-HZSM-5.

Alternative strategies leading to improved accessibility of the active sites confined

in zeolites for linoleic acid esterification, were sought in this study by adopting two
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different approaches: shortening the micropore diffusion path length (NC-HZSM-5) and
introducing an additional (meso)porosity within the microporous zeolite crystal (NSh-
HZSM-5 and NS-HZSM-5).

Reaction rate on the different morphologies of HZSM-5 were studied as a function
of intrinsic diffusion rate by the estimation of Thiele modulus (@) to evaluate more

precisely the extent of internal mass transfer limitations (eq. (4-8)) (Carberry 2001).

4-8

where, L represents the characteristic diffusion length defined by the crystal size of the
zeolites determined by SEM, k the reaction rate coefficient, and D, sf the effective
diffusivity of linoleic acid and methanol molecules within the zeolite pores.

This method thus combines a theoretical calculation of the effective diffusion
coefficient with the experimental value of the pseudo first-order rate constant k. A value of
@ < 0.1 indicates that the esterification reaction is free of any diffusion constraints and that
observed reaction rate equals the intrinsic reaction rate. A reaction rate of 4.68 x 10™ h™!
was calculated for the more active zeolite and used for all estimations.

The effective diffusion coefficient D, ¢ was calculated using eq. (4-9) (Poling et al.,

2001):

&
Degr = Dap -2 4-9

98



Where, D, is the molecular diffusion coefficient of solute A (linoleic acid) at very low
concentration in solvent B (methanol), ¢ is the particle porosity of the catalyst, and 7 is the
zeolite pore tortuosity.

In the present study, the molecular diffusion coefficient of linoleic acid in methanol
was calculated based on the Wilke-Chang method, accounting for the reaction temperature
of 180 °C (Wilke& Chang, 1955) and was 1.57 x 10° m”.s™". ¢ for all zeolites were
determined from the nitrogen adsorbed in pores fractions and T was given a value of 4 as

recommended for porous materials (Carberry 2001). Corresponding D, ¢ values for the

zeolites used are listed in Table 8 along with Thiele modulus estimations.

Table 8. Thiele modulus variables data for linoleic acid esterification using MC-HZSM-5,
NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5.

MC-HZSM-5 NC-HZSM-5 NSh-HZSM-5 NS-HZSM-5

£ 0.165 0.166 0.323 0.624
D.s (m*s™) 6.50.10° 6.52.10° 1.27.107 2.45.107
L (nm) 6000 210 20 250

0 0.965 0.034 0.002 0.021

A Thiele modulus value of ~1 was obtained for micron-sized big crystals MC-
HZSM-5, whereas @ = 0.034, 0.021 and 0.002 were estimated for NC-HZSM-5, NS-
HZSM-5 and NSh-HZSM-5, respectively. Despite the high Brensted acid concentration
MC-HZSM-5 holds, the esterification reaction is hindered by mass transfer limitation
whereby the zeolite active volume is not fully available to the linoleic acid molecules. MC-
HZSM-5 diffusion properties can therefore rationalize the lower catalytic performance it

held at different reaction temperatures, relatively to the other nanosized and hierarchical
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zeolites respectively. NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 had Thiele modulus
values of @ < 0.1, which prove that molecular transport effectiveness was enhanced by
shortening diffusion length (NC-HZSM-5) and introducing a secondary mesoporosity
(NSh-HZSM-5 and NS-HZSM-5). It is noteworthy that the catalytic performance over NC-
HZSM-5 is lower than that of the hierarchical zeolites at the different reaction temperatures
and methanol to linoleic acid ratios used. This shows that despite increasing the catalyst
effectiveness, a shorter diffusion length in not sufficient to achieve high conversion yields.
In addition to the short diffusion length, generating mesopores that are directly accessible to
the linoleic acid molecules from the outer surface of the zeolite crystal, enhanced the
molecular transport to and from the intrinsic active sites of the NSh-HZSM-5 and NS-
HZSM-5 which showed the highest methyl linoleate yields at optimal esterification reaction
conditions.

However, it is noticeable that between the two hierarchical HZSM-5 materials, NS-
HZSM-5 zeolites which possess larger mesoporous diameter and volume (58 A and 0.35
cm?.g” respectively, versus 35 A and 0.13 cm?.g” for NSh-HZSM-5) along with a higher
number of Bronsted acid sites (218 versus 103 pmol.g” for NSh-HZSM-5), exhibit nearly
similar catalytic activity as NS-HZSM-5 (86.40 % (SD = 2.16) versus 90.76 % (SD = 1.17)
for NSh-HZSM-5).

Turnover frequencies (TOF) (methyl linoleate produced per Brensted acid site per specific
surface area in one hour) were therefore calculated for the hierarchical zeolites to provide
insight into which fundamental factors affect catalytic activity within the hierarchical
materials. TOF values were corrected by the BET surface areas found from the nitrogen

adsorption/desorption isotherms of the hierarchical zeolites. TOF calculations yielded
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values of 1.1 x 10™ and 1.6 x 10™* mol methyl linoleate .umoly".m™2.g.h™" for NSh-HZSM-
5 and NS-HZSM-5, respectively. The TOF values of the hierarchical zeolites are closely
similar indicating that there is no significant influence of the specific nature of the acid sites
of NSh-HZSM-5 and NS-HZSM-5 on their catalytic behavior. Introducing mesopores
within microporous zeolite framework is effective for catalytic application if properly
located in the crystal. The connectivity between the two types of pores is essential to
optimize the efficiency of introducing different levels of porosity in catalyzed reaction and
to satisfy the bulky molecules transfer from the outer mesoporous surface into the intrinsic
active framework (Pérez-Ramirez et al., 2008). Despite the higher Bronsted acid sites
concentrations in NS-HZSM-5, the disordered mesopores generated by surfactant
aggregates could have been less effective than the orderly generated mesopores of NSh-
HZSM-5 for the selective transport of linoleic acid to the totality of the intrinsic active acid
sites, making NS-HZSM-5 zeolites not operating at their full potential. Consequently,
engineered hierarchical zeolites for high catalytic selectivity, requires a careful design of
mesopores harmoniously located with the micropores. However, it is difficult to assign
such causation with certainty without further exploration and, therefore, this will not be
considered further here.

Besides, the higher Si/Al ratio of NSh-HZSM-5 (Si/Al = 44) in comparison with
that of NS-HZSM-5 (Si/Al = 23) may have led to a higher adsorption capacity of linoleic
acid to the active surface of the zeolite. In fact, the more the zeolite is hydrophobic, the
more it loses its acidic properties. However, it also avoids the adsorption of the water by-
product that will lead to its deactivation by blocking access of the fatty acid (Kiss et al.,

2006). It appears that water was more easily adsorbed to the surface of the more
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hydrophilic NS-HZSM-5, hindering the linoleic acid molecules to react with the acid sites
and thus, yielding lower conversions despite its higher acidity. In terms of diffusion
limitation, reactant selectivity, and relative hydrophobicity, NSh-HZSM-5 offered the best

catalytic performance in modelling biodiesel production.

4.4 Summary and Conclusion

Esterification of linoleic acid with methanol was successfully catalyzed using
hierarchical HZSM-5 zeolite catalysts produced in nanosheet and nanosponge
morphologies as compared to highly acidic conventional big and nano-crystals of HZSM-5
zeolites. Improved accessibility and molecular transport of linoleic acid from the outer
mesoporous surface to the intrinsic active zeolitic framework resulted in achieving high
conversions of 86.40 % (SD = 2.16) for NS-HZSM-5 and 90.76 % (SD = 1.17) for NSh-
HZSM-5 at similar reaction conditions. A maximum methyl ester yield of 95.12 % was
reached for the esterification of linoleic acid using NSh-HZSM-5 at 4 h reaction time, 10
wt% catalyst loading, 6:1 methanol to linoleic acid molar ratio and 180 °C. Although highly
accessible and acidic, HZSM-5 nanosponges did not operate to their full potential as
compared to HZSM-5 nanosheets given their higher hydrophilicity which favored water
adsorption to their surface, and due to the connectivity between the different levels of
porosity (micro and meso-porosity) that wasn’t optimal for effective selective transport of
linoleic acid and methyl linoleate molecules to and from the intrinsic active sites of the

catalyst.
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CHAPTER 5

HIERARCHICAL ZEOLITES AS CATALYSTS FOR BIODIESEL PRODUCTION
FROM WASTE FRYING OILS TO OVERCOME MASS TRANSFER
LIMITATIONS

ZSM-5 crystals with short diffusion path and hierarchical porosity were compared
with conventional coffin-shaped microcrystals for their catalytic activity in terms of acidic
properties and pore structure for the transesterification of waste frying oils with methanol
for biodiesel production. Produced zeolitic catalytic materials were characterized with
different instruments including XRD, SEM, TEM, BET/BJH porosimetry analysis, X-Ray
fluorescence, and FTIR. The effect of pore size on the molecular diffusion limitation was
investigated by Thiele modulus calculation and turnover frequencies (TOF) were used to
discuss the correlation between acidic properties of the zeolites and their catalytic

performance.

5.1 Introduction

In recent years, non-renewable resources have been over-exploited which led to the
depletion of energy reserves, as well as an increase in the price of petroleum-based fuels
(Zivkovié et al. 2017). A suitable and sustainable alternative for conventional fuels is thus
needed. Interest in biodiesel has been increasing in recent years due to its renewability,
minor dependence on depleted resources and its lower pollution profile (OECD/FAO
2015). However, a major hurdle to its commercialization in comparison with petroleum-

based fuels is its high cost due to the raw material used for its production (Harvey and
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Pilgrim 2011). Besides the economic appeal it provides, waste frying oil (WFO) is one of
the most promising biodiesel feedstocks by way of reducing the amounts of WFOs being
dumped into sewers and landfills (Chakraborty and Das 2012). However, WFOs contain
between 0.5 wt% and 15 wt% of free fatty acid (FFAs) compared to less than 0.5 wt% for
refined vegetable oils (Kulkarni and Dalai 2006). Therefore, the use of basic homogeneous
transesterification reactions is not recommended for the conversion of these inexpensive
feedstocks. The base-catalyzed transesterification suffers from serious limitations such as
the presence of high FFAs and water contents in the feedstock which promote the formation
of soaps, increase of product viscosity and the difficult separation of glycerol from the
produced methyl esters (Atadashi et al., 2013). Homogeneous acid catalysts are less
sensitive to FFA content but require a long reaction time, a neutralization step and produce
a large mass of salt residues, which is a cause of engine corrosion (Feyzi et al., 2017; Gardy
et al., 2016). The high demand for cleaner methodologies made acid heterogeneous
catalysts a better alternative, as they present advantages of environmental friendliness, easy
removal, and non-corrosion (Lee & Saka, 2010; Saravanan et al., 2015). As one kind of
heterogeneous solid acids, zeolites are crystalline and porous materials with high specific
surface area, controllable acidity and hydrophobicity. Different studies followed an ion
exchange procedure to form and compare between microporous H-type zeolites, which is
the most common form of solid acid heterogeneous zeolite catalysts (Chung et al., 2008;
Doyle et al., 2016; Doyle et al., 2017; Mowla et al., 2018). However, physical properties of
microporous acid zeolites limit bulky molecules such as triglycerides from entering the
narrow pores and reaching the internal active sites necessary for their conversion to fatty

acid methyl esters (FAMESs). Further, molecules that were able to convert into more
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valuable products have difficulty escaping the zeolite through the narrow micropores,
yielding low feedstock conversion. An interesting way of improving zeolites activity for
biodiesel production is the synthesis of zeolites with short diffusion paths and hierarchical
porosity which overcome diffusional limitation by having secondary mesoporosity while
maintaining the high reactivity of microporous acid zeolites. To our knowledge, no studies
have yet assessed the transesterification of WFOs for the production of biodiesel using
hierarchical zeolites. In the present study, the influence of acidic properties and pore
structure of ZSM-5 zeolites exhibiting distinct crystal morphologies (conventional coffin-
shaped microcrystals, nanocrystals, nanosheets, and nanosponges) has been assessed for the
transesterification of WFOs to biodiesel. The catalytic behavior of the different ZSM-5
zeolites was optimized by varying the methanol to WFO molar ratio, the reaction
temperature, the amount of catalyst and the reaction time. Thiele modulus model and
turnover frequencies (TOF) were used to discuss the correlation between the pore size and
acidic properties of the zeolites and their catalytic performance based on experimental

results.

5.2 Experimental section
5.2.1 Structure directing agent synthesis
The di-quaternary ammonium-type surfactant C,,Hys-N"(CH3),-CgH ,-N(CH3)-
CsH13Br; (abbreviated as C22-6-6), used for the ZSM-5 nanosheet synthesis were
synthesized in two steps following a modified procedure reported by Na et al. (Na et al.

2010).
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For the synthesis of ZSM-5 nanosponges, the zeolite-SDA-functional surfactant
C;sH37-N" (CH3),—C¢H>-N" (CH3)>—CsH 2~ N* (CH3), C13H37(Br ); (abbreviated as 18—
N3—18) was prepared by separately synthesizing C18H37—N+(CH3)2—CsH12—Br(Br-) and
Ci8H37— N+(CH3)2—CsH12—N(CH3)2 through organic reactions as described by Na et al. (Na
etal. 2011).

The purity of the final solid organic products; C22-6-6 and 18—Ns—18 was analyzed

by solution-state "H NMR, with CDCl; being used as solvent.

5.2.2 Catalysts Synthesis

To produce the ZSM-5 nanosheets, sulfuric acid (Aldrich) and tetraethoxysilane
(TEOS, Aldrich, 98%) were dissolved in distilled water in a 45 ml Teflon-lined stainless-
steel autoclave. Sodium hydroxide (Riedel de Haen, 99%) and Al»(SO4);.18H,0 (Rectapur,
99%) were added to the mixture. The structuring agent C22-6-6 was finally added in order
to set the molar composition of the gel to: 100S10,: 1A1,053 : 30NaO : 18H,SO0; :
10C,H45—N"(CH3),~CsH,— N (CH3),—C¢H 3Br; : 4000H,0. The gel was then stirred at
1000 rpm during 30 min, heated at 60 °C for 4 hours and finally placed in a tumbling oven
at 150 °C for 4 days. The autoclaves were set at 30 rpm.

To produce ZSM-5 nanosponges of molar composition 100Si10; : 2.5A1,05 :
22Na,0 : 800EtOH : 5 C sH37-N" (CH;3),—CsH;»-N" (CH3),—CsH >~ N (CH3), CigH37(Br
)3 : 7100H,0 as described by Na et al. (Na et al. 2011), sodium aluminate (NaAlO; of 56.7
wt% AlO3, 39.5 wt% Na,0O and 3.3 wt% H,0O) sodium hydroxide (Riedel de Haen, 99%),
tetracthoxysilane (TEOS, Aldrich, 98%), EtOH (99%) and 18—N3—18 were dissolved in

distilled water under stirring, in a Teflon-lined stainless steel autoclave. The gel was stirred
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at 1000 rpm at room temperature during 30 min, then at 60 °C for 6 hours and finally
placed in a tumbling oven at 150 °C for 5 days at 30 rpm.

For comparison, ZSM-5 zeolite nanocrystals were synthesized following the molar
composition 50Si0,: 1CoH;;03Al: 6NaBr: 10TPAOH: 450H,0. CyH,;03Al and
tertrapropylammonium hydroxide (25 wt% TPAOH aqueous solution, Fluka) were
dissolved in distilled water and stirred at room temperature for 20min. NaBr was added to
the solution which was stirred for 20 additional minutes. Porous silica gel (100 mesh) was
then added and well mixed with the solution. The gel was finally placed in an oven at 170
°C for 24 hours.

Typical ZSM-5 zeolite large crystals with coffin-shape morphology were
synthesized under the same condition described above for ZSM-5 nanosheets. The only
difference being the usage of a tetrapropylammonium hydroxide aqueous solution (25 wt%,
Fluka) instead of the diquaternary ammonium- type surfactant, C22-6-6. The composition
of the gel therefore being, 100Si0; : 1AL,O3 : 30NaO : 18H,SO4 : 20TPAOH : 4000H,O
(Dhainaut et al. 2013).

After synthesis, the different ZSM-5 zeolites were filtered, washed with distilled
water, dried overnight at 105 °C, and finally calcined at 550°C for 8 h in air to remove the
organic structuring agents.

All the ZSM-5 samples were NH, -ion-exchanged with a 1 M NH4Cl aqueous
solution at 80 °C during 2 h. The solution was stirred in a round bottom flask fitted with a
reflux condenser. The ion exchange process was repeated three times at a zeolite mass (g)
to solution volume (ml) ratio of 1:20. NH, -ion-exchanged zeolites were repetitively

washed with distilled water. After filtration and drying at 105 °C for 12 h, NH, -ion-
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exchanged samples were calcined in air at 550°C for 10 h to obtain the zeolite H' form. The
different prepared and exchanged HZSM-5 big crystals, nanocrystals, nanosheet and
nanosponges were labeled MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5

respectively.

5.2.3 Catalysts Characterization

The purity and the crystallinity of the different calcined zeolites were checked by
XRD analysis. X-ray diffraction patterns of the different samples were recorded using a
PANalytical MPD X’Pert Pro diffractometer operating with Cu Ka radiation (A = 0.15418
nm) equipped with an X’Celerator real-time multiple strip detector (active length =2.122 °
20).

The size and the morphology of the calcined zeolites were determined by scanning
electron microscopy (SEM) using a Philips XL 30 FEG microscope. A transmission electron
microscope (TEM) (Philips model CM200) was used to investigate the homogeneity of the
synthesized zeolites.

Nitrogen adsorption/desorption isotherms were measured using a Micromeritics
ASAP 2420 apparatus. Prior to the adsorption measurements, the calcined samples were
outgassed at 300°C for 15 h under vacuum. The specific surface area (Sger) and
microporous volume (Vmicro) Were calculated using the BET (p/p” range of 0.05-0.25) and ¢-
plot methods, respectively (Brunauer et al., 1938; Lippens, 1965). Mesoporous volume was
calculated using the BJH method.

The Si/Al molar ratio and the outcome of ion exchange of the different zeolites were

estimated using the X-Ray fluorescence (Philips, Magic X).
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Infrared spectra (FTIR) of pyridine , adsorbed at 150 °C, were recorded on a Nicolet
Magna 550-FTIR spectrometer with a 2 cm ' optical resolution for the different HZSM-5
samples. After establishing a pressure of 1 Torr at equilibrium, the pressed pellets of zeolite
samples were evacuated at 200 °C under vaccum to remove all physisorbed species. The
temperature was then lowered to 150 °C and the pyridine introduced in the cell. The
amount of pyridine adsorbed on the Bronsted [PyrH '] and Lewis [PyrL] sites were
determined from the integration of the band at 1545 and 1454 cm ', using extinction

coefficients previously determined by Guisnet et al., 1997.

5.2.4 Esterification Reaction Procedure

For all types of HZSM-5 produced, the transesterification reaction of WFOs with
methanol (Chromasolv, 99.9 %) was performed in triplicates in a 50 ml round-bottomed
flask, which was equipped with a mechanical stirrer and a reflux condenser. The reactor
was loaded with 0.6 ml of WFO, equivalent to 1 mol or 0.54 g of WFO (MW = 876.5
g/mol). Methanol was added in the desired amount to achieve alcohol/oil molar ratios of
6:1, 12:1 or 25:1. The catalyst loading was also varied at 5, 7.5, or 10 wt% with respect to
the WFO mass. The desired amount of catalyst was dried before reaction at 105 °C. The
reactor contents were heated at 140 °C for 6 h. Reaction temperature and time were
optimized for the HZSM-5 type which showed the highest conversions. Reaction
temperatures were 60, 140 and 180 °C and the kinetics study was performed at reaction
times ranging between 0 and 24 h by sacrificing the solution in the reaction flasks

consecutively with time.
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When the reactions were completed, the produced fatty acid methyl esters (FAMEs)
and remaining FFAs and triglycerides (TGCs) were extracted for analysis. The reactors
were first extracted with 50 mL methanol followed by two DCM (Fisher, 99.8 %)
extractions of 50 mL each. The liquid extracts were separated from the catalysts by gravity

filtration through a bed of filtration beads and a 0.2 pum filter paper.

5.2.5 Chemical Analysis
The extracts were analyzed for FAMEs content on a Trace Ultragas chromatograph

equipped with a flame ionization detector. An HP-INNOWAX capillary column
(30 m x 250 pm x 0.25 pm) was used for the separation of FAMEs. Helium was used as a
carrier gas at a flow rate of ImL/min. 5 pL of sample were injected at 250 °C under
splitless mode and the FID temperature was set at 300 °C. The oven temperature program
was as follows: start at 60 °C (2 min), ramp at 10 °C/min to 200 °C (0 min), ramp at
5 °C/min to 240 °C (7 min). Reference standards (Supelco 37 component FAME mix in
DCM, TraceCert) were used for the identification and quantification of the produced

FAMEs. The biodiesel yield was determined by the following equation (5-1):

x 100 5-1

C XV
Yield (%) — Z FAMESs extract
MO WFO

where, Cr s 1S the concentration of FAMES in g/L quantified by GC/FID, V,ytr-qce 1S the

volume (L) of the liquid extract, and M, /o, the initial mass of WFO added to the reactor

(@)
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Residual FFAs and triglycerides were determined by reversed-phase HPLC on an
1100 Series Chromatographic System with a diode array detector (Agilent Technologies,
CA, USA).Two different methods, developed by Gratzfeld-HiiSgen and Schuster
(Gratzfeld-Husgen & Schuster, 2001), were used. For both protocols, a Cg column
(150 x 2.1 mm ZORBAX Eclipse XDB, 5 um) was required. For the determination of
FFAs residual content, a detection wavelength of 258 nm was used. FFAs were
derivatizated with bromophenacyl bromide (Fluka, Buchs SG, Switzerland) prior to sample
injection to obtain their corresponding esters and a mix of water (A) and acetonirile + 1%
tetrahydrofuran (B) was used as mobile phase. The solvent gradient used for this method
was as follow: at 0 min 30% B; at 15 min 70% B; at 25 min 98% B. For triglycerides
determination, the composition of the mobile phase was water (A) and acetonitrile/methyl-
t-butyl-ether (9:1) (B). The solvent gradient used covered 87% B at 0 min; and 100% B at

25 min. The analytes were detected at 215 nm.

5.2.6 Determination of the kinetics of the esterification reaction
Transesterification reaction is divided into three steps whereby, triglycerides are
converted to diglycerides, diglycerides are converted to monoglycerides, and finally
monoglycerides to glycerol. Each step produces one ester molecule by consuming one mole
of methanol and, consequently, the reaction generates three ester molecules from one
triglyceride molecule (Sharma and Singh 2008). The reaction will be assumed to be a single
step transesterification following the stochiometric relationship between the initial reactants

and final products (eq. (5-2)):
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i i Catalyst i 5-2
Triglyceride + 3Methanol —— 3Fatty acid methyl esters + Glycerol

According to the general eq (5-2), the reaction rate could be expressed as follows
(eq (5-3)):

_ dCrecs
dt

—Ta = =k 'CTGCS 'CI\S;Ie 5-3

where Crgcs 1 the concentration of triglycerides (mg.L'l), Cye the concentration of
methanol (mg.L'l), and &’ the reaction rate constant (h™).

Eq. (5-3) follows a second order reaction rate. However, the transesterification
reaction is a reversible reaction and excess methanol is needed to shift the equilibrium to
the product side, (Chisti 2007). Therefore, the change in methanol concentration could be
considered as constant during the transesterification reaction which will thus obey pseudo-
first order kinetics (Birla et al., 2012; Dang et al., 2013). The reaction rate can then be

expressed as described in eq. (5-4):

_ dCrgcs
dt

Ty = = k'.Crgcs - Cize = k . Cracs >-4

where k = k'.C3 ~ cst, when methanol is used in excess.
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Assuming that the initial concentration of triglycerides is Cy r¢cs at time ¢ = 0 and
becomes C; s at time ¢, the integration of eq. (5-4) from#=0to t=¢, and Cy r¢cs to

Ct r¢c gives eq. (5-5):

ln CO TGCs — ln Ct TGCs — k .t 5‘5

From the mass balance of the reaction,

X -1 CTGCS
FAMEs — + C
0TGCs

where Xr 4k 1S the fatty acid methyl ester yield. Upon rearrangement of eq. (5-5), the

kinetics of triglycerides conversion could be expressed as follows (eq. (5-6)):

lTl(l - XFAMES) = _k .t 5'6

5.3 Results and Discussion
5.3.1 Catalyst Characterization
The crystallinity and purity of the different morphologies of ZSM-5 and H-ZSM-5
zeolites were examined by XRD (Fig.1). As illustrated in Figure 16a, 16b, 16c and 16d the
different synthesized zeolites are pure as the sole crystalline MFI phase was obtained. In
Figure 16a and 16b, MC-HZSM-5 and NC-HZSM-5 samples are well crystallized.
However, XRD reflections of NC-HZSM-5 show broader peaks than those of MC-HZSM-5

indicating the presence of smaller crystal sizes. After exchange with NH4", the hierarchical
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samples, denoted as NSh-HZSM-5 and NS-HZSM-5 presented the least intense XRD
peaks, suggesting the presence of even smaller crystalline domains which will be shown
below through imaging (Figure 16b and 16d). At wide angles, the main portion of
diffraction peaks that can be accurately indexed, belongs to the h0l crystallographic plane
for NSh-HZSM-5. This indicates that the crystal growth along the b-crystal axis
(perpendicular to the nanosheet layer) is inhibited by the hydrophobic alkyl tail of C22-6-6,
confirming thus the formation of nanosheets (Na et al. 2010). A 2D hexagonal symmetry of
micropores stacked in two different orientations is suggested for the wide angle XRD
pattern of NS-HZSM-5 (Na et al. 2011).The use of C22-6-6 and 18-N3-18 as structure
directing agents for NSh-ZSM-5 and NS-ZSM-5 respectively, produces nanosheets and
nanosponges with meso-structuration further recognized by the presence of broad peaks at
low diffraction angles (0.6° < 26 < 4.7°) as shown in Figure 16¢ and 16d. NSh-ZSM-5
broad peak at low diffraction angles decreases in intensity after calcination whereas it
remains intact for NS-ZSM-5. This indicates that nanosponges samples have higher

mesoporous volume which will be confirmed below by N, sorption tests.
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Figure 16. XRD diffractograms of (a) calcined MC-ZSM-5 and MC-HZSM-5 at wide angle
patterns, (b) calcined NC-ZSM-5 and NC-HZSM-5 at wide angle patterns, (c) calcined
NSh-ZSM-5 and NSh-HZSM-5 at low and wide-angle patterns, (c) calcined NS-ZSM-5 and
NS-HZSM-5 at low and wide-angle patterns

The SEM images in the Figure 17 show the different morphologies observed for the
HZSM-5 synthesized zeolites. Micrometric crystals were obtained for the MC-HZSM-5,

with crystal sizes ranging between 2.4 and 6 pm (Figure 17a). NC-HZSM-5 crystals have
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an average size of 85 to 210 nm (Figure 17b). The usage of bifunctional organic structure
directing agent C,,-6-6 for the production of NSh-HZSM-5 led to the production of lamellar
materials of thickness ranging between 20 and 40 nm (Figure 17c). The SEM figure of

NSh-HZSM-5 demonstrates the existence of interlayer mesoporosity after the removal of

the surfactant by calcination.

=02 0m

Magn b—— Sum Magn |———— 500 nm
12000x Mc ZSM-5 80000x NcZSM-5

Magn p———— 2um
25000x EFF NF

Figure 17. Scanning electronic microscopy (SEM) images of (a) MC-HZSM-5, (b) NC-
HZSM-5, (¢) NSh-HZSM-5, and (d) NS-HZSM-5. NS look beautiful in this picture
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Figure 18. Transmission electronic microscopy (TEM) images of (a) NSh-HZSM-5, and (b)
NS-HZSM-5.

TEM images (Figure 18a), show that several nanosheets are parallel to each other,
whereby the thickness of each nanosheet is around 3.5 nm. When 18-Nj3-18 is used as
structure directing agent, the increase in carbon chain length and in the number of quaternary
ammonium generate the nanosponge morphology of NS-HZSM-5 (Figure 17d). The spiky-
like nanomaterials are uniform in shape and size ranging between 250 and 350 nm. TEM
image of NS-HZSM-5 (Figure 18b) taken perpendicularly to the mesopore walls show
crystal lattice borders with uniform spacing, representative of mesopore walls which have a

zeolitic microporous crystalline framework.
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Figure 19. (a)Adsorption/desorption isotherms of nitrogen on the calcined MC-HZSM-5,
NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5 samples, at =196 °C, (b) Mesopore size
distribution of the calcined exchanged hierarchical samples.

The adsorption-desorption isotherms of nitrogen in the calcined HZSM-5 with

different morphologies are shown in Figure 19a. As expected for microporous solids, MC-

HZSM-5 and NC-HZSM-5 displayed both isotherms of type 1. Microporous volumes of

MC-HZSM-5 and NC-HZSM-5 were 0.17 cm®.g” for both zeolites (Table 9). However, a

slight hysteresis was observed for NC-HZSM-5 due to the agglomeration of nanocrystals.

The isotherms of NSh-HZSM-5 are of type I at low p/py (p is the vapor pressure and pyis

the saturation vapor pressure of nitrogen), which is characteristic of the presence of

micropores with a microporous volume of 0.19 cm?.g” (Table 9). NSh-HZSM-5 isotherm is

of type IIb at 0.4 < p/py < 1 revealing the presence mesopores having a volume of 0.13

118



cm’.g™. A hysteresis loop is also noticed and is representative of lamellar materials, which
in this case is due to the stacking of nanosheets. NS-HZSM-5 zeolites have type Ib
isotherms at p/py < 0.4 with a microporous volume of 0.27 cm?.g™' (Table 9). In addition to
the typical microporous channels of the MFI-type lattice, the presence of by the polar head
of the 18-N3-18 surfactant induced a secondary microporosity which contributed to the
highest microporous volume observed among the different morphologies of HZSM-5. At
0.4 <p/py < 1, the isotherms of NS-HZSM-5 are of type IV (0.4 < p/py < 0.6) and II (p/py >
0.9) with a hysteresis, indicating the presence of mesopores due to capillary condensation
and inter-particular adsorption of nitrogen respectively. Accordingly, NS-HZSM-5 exhibit
mesopores with a mesoporous volume of 0.35 cm?.g”". The BJH pore size distribution of
NS-HZSM-5 is intense and broad with a mean mesoporous diameter of 58 A (Figure 19b).
For NSh-HZSM-5 zeolites, the BJH pore size distribution is less intense and quite narrow,
presenting an average mesopore diameter of 35 A. The BET surface area and total pore
volume presented in Table 1 are higher for the hierarchical materials relatively to the

microporous zeolites.

Table 9. Textural properties by N2 sorption of the morphologically different HZSM-5
zeolites

HZSM-5 type Si/Al S BET Total porous Microporous Mesoporous
ratio (m?/g) volume (cm?/g) volume (cm?/g) volume (cm?/g)
MC-HZSM-5 45 395 0.17 0.17 -
NC-HZSM-5 25 411 0.17 0.17 -
NSh-HZSM-5 44 521 0.32 0.19 0.13

NS-HZSM-5 23 613 0.62 0.27 0.35
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For zeolite acidity characterization, FTIR was used. The bands originated by the
adsorption of basic probe molecules of pyridine were measured. Pyridine allows the
identification and quantification of the acidity of the active sites and distinguishes between
the acidic OH groups, which are the Bronsted acid centers by forming pyridium ions on
protonic sites (PyrH"), and the weaker Lewis acid groups to which pyridine is physically
bonded (PyrL). Also, the probe molecule has a diameter of 2.8 A which makes possible its
accessibility to the inner porosity of the HZSM-5 zeolite of 5.5 A pore diameter. The
concentrations of Bronsted and Lewis sites able to retain pyridine at 150 -C were
determined using the absorbance areas of the bands at 1545 and 1454 cm ™', respectively,
using the extinction coefficients previously determined (1.13 and 1.28 cm.mol ' for
pyridine interacting with Brensted and Lewis centers, respectively (Guisnet, M., Ayrault,
P., & Datka 1997)). The results are reported in Table 10. Bronsted acidity decreases for the
hierarchical zeolites in respect to the microporous ones, and Lewis acidity increases for the
NSh-HZSM-5 and NS-HSZM-5 zeolites relatively to the microporous MC-HZSM-5 and

NC-HZSM-5.

Table 10. Bronsted and Lewis acidity of the morphologically different HZSM-5 catalysts

HZSM-5 type [PyrH']* (umol.g™) [PyrL]" (umol.g™)
MC-HZSM-5 351 44
NC-HZSM-5 301 76
NSh-HZSM-5 103 80
NS-HZSM-5 218 103

*Concentration of pyridine adsorbed on Brensted acid sites after thermodesorption at 150 °C.
®Concentration of pyridine adsorbed on Lewis acid sites after thermodesorption at 150 °C.
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5.3.2 Optimized Reaction Conditions of Transesterification

5.3.2.1 Effect of Catalyst Loading

The influence of catalyst loading on the conversion of triglycerides was investigated
for MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5. Experiments were
performed with loadings of 5, 7.5, and 10 wt% with respect to the used mass of WFO, at
similar reaction conditions of 140 °C reaction temperature, 12:1 methanol to WFOs molar
ratio, 550 rpm stirring rate, and 6 h reaction time. For all zeolite catalysts, FAMEs yield
increased with increasing catalyst loading with an order of conversion of MC-HZSM-5
(15.60 %, SD = 0.57) <NC-HZSM-5 (17.29%, SD = 0.14) < NS-HZSM-5 (19.43 %, SD =
0.18) <NSh-HZSM-5 (26.83%, SD = 1.59) (Figure 20). Relatively to each catalyst type, at
higher catalyst loadings, a greater amount of acid active sites will be available for the oil to
react and produce FAMEs (Liu et al., 2014). In fact, oil’s solubility in methanol is limited
which leads to the formation of three phases in the heterogeneous transesterification
(methanol, WFO, and solid zeolite). The transesterification can thus only take place at the
interface of the methanol and WFO phases. Increasing catalyst loading will increase the
concentration of the active sites at the interface between the oil and methanol which will
enhance the formation of FAMEs and hence, higher conversions of oil will be achieved

(Shu et al., 2007).
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Figure 20. Effect of MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5 catalysts
loading on the transesterification of WFO at the molar ratio of methanol to WFO of 12:1,
reaction temperature of 140°C, stirring rate of 550 rpm, and reaction time of 6 h

5.3.2.2 Effect of Methanol to WFO ratio on Transesterification

The transesterification is a reversible reaction. Therefore, the moles of methanol
must be in excess to force the reaction towards the formation of FAMEs (Qiu et al., 2011).
The effect of the molar ratio of methanol to WFO on the conversion of triglycerides was
examined through varying the amount of methanol used for the different MC-HZSM-5,
NC-HZSM-5, NSh-HZSM-5, NS-HZSM-5 catalysts (6:1, 12:1, 25:1). Similar reaction

conditions were used for the esterification reactions and consisted of fixed optimal 10 wt%
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catalyst loading, 6 h reaction time, 550 rpm stirring rate, and 140°C reaction temperature.
Figure 21 shows that the conversion rate of WFO increased for all the catalysts
morphologies as the molar ratio of methanol to WFO increased from 6:1 to 12:1. The
excess of methanol was proved favorable to the conversion of triglycerides into FAME:s.
However, for all the catalyst types used, when the methanol to WFO molar ratio was
further increased to 25:1, FAMEs yield decreased. This phenomenon is due to the slight
recombination of FAMESs and glycerol to form monoglycerides. Excess methanol is
advantageous for the conversion of triglycerides into monoglycerides. However,
monoglycerides affect the solubility of the nearly immiscible glycerol and FAMEs
encouraging thus the backward reaction to take place (Shu et al. 2007; Sun et al. 2015).
12:1 methanol to WFOs molar ratio was consequently the optimal molar ratio used for the
rest of the optimization tests, with an order of conversion that was kept at MC-HZSM-5
(15.60 %, SD = 0.57) < NC-HZSM-5 (17.29%, SD = 0.14) < NS-HZSM-5 (19.43 %, SD =

0.18) <NSh-HZSM-5 (26.83%, SD = 1.59).
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Figure 21. Effect of methanol to WFO molar ration variation on the transesterification of
WFO using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5, and NS-HZSM-5 catalysts, at

catalyst loading of 10 wt%, reaction temperature of 140 °C, stirring rate of 550 rpm and
reaction time of 6 h

5.3.2.3 Effect of Reaction Temperature on Transesterification

To study the effect of reaction temperature on the conversion of WFOs, experiments
using optimal hierarchical NSh-HZSM-5 catalyst, which achieved the highest conversion
rates of WFO in the previous experiments, were carried out at three different temperatures
of 60, 140 and 180 °C, under the same reaction conditions (optimal methanol to WFOs

molar ratio = 12/1, optimal catalyst loading = 10%, stirring rate = 550 rpm, and reaction
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time = 6 h). As shown in Figure 22, catalytic activity of NSh-HZSM-5 increased with
increasing temperature with the highest FAMEs yield of 43.57 % (SD = 4.44) registered for
reaction temperature of 180 °C. Higher temperatures achieved higher conversions which is
explained by the decrease of WFO viscosity at high temperatures, promoting thus a better

methanol/WFOs phase mixture, and increasing FAMEs yield (Borges et al. 2013).
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Figure 22. Effect of reaction temperature variation on the transesterification of WFO using
NSh-HZSM-5 catalyst at catalyst loading of 10 wt%, methanol to WFO molar ratio of 12:1,
stirring rate of 550 rpm and reaction time of 6 h.
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5.3.2.4 Effect of Reaction Time on Transesterification

In order to study the influence of reaction time on FAMESs production from the
transesterification of WFO, experiments were carried out using optimal catalyst
(hierarchical NSh-HZSM-5) at the optimal reaction conditions of 12:1 methanol to WFO
molar ratio, 180 °C reaction temperature, catalyst loading of 10% and stirring rate of 550

rpm, with the variation of reaction time in the range of 0 - 24 h. Figure 23 shows the effect

of reaction time on FAME:s yield.
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Figure 23. Effect of reaction time on the transesterification of WFO using NSh-HZSM-5
catalyst at catalyst loading of 10 wt%, methanol to WFOs molar ratio of 12:1, reaction
temperature of 180 °C, and stirring rate of 550 rpm
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According to the results, an increase in the reaction time from 1 to 2 h almost
doubled the biodiesel yield which increased from 6.65 % (SD = 2.05) to 13.68 % (SD =
2.74). Further increase in the reaction time resulted in a significant improvement in FAMEs
yield reaching a maximum of 48.29 % after 4 h. No significant enhancement was observed
in WFO conversions beyond 4 h and up to 8 h of reaction time, after which a decrease in
FAME:s yield was observed at 16 and 24 h reaction time. The latter decrease in the oil
conversion is most probably due to the oil polymerization at prolonged heating time.
Indeed, a solid mass was observed at the bottom of the reactors after 16 h and remained
insoluble in DCM used for the oil extraction. Apart from yielding lower triglycerides
conversions, higher reactions times are not favorable for the transesterification reactions
due to the higher energy consumption they require. A reaction rate constant of 8.82 x 10

h! was calculated for NSh-HZSM-5 (Figure 24).
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Figure 24.-In(1-X_FAMESs ) versus reaction time plot at optimal reaction conditions using
NSh-HZSM-5

For all the experiments carried out, residual triglycerides and FFAs were quantified
using HPLC and mass balance closure was inspected. Table G in APPENDIX G presents

numeric FAME:s yields and residual triglycerides and FFAs contents at the different

reaction conditions.

128



5.3.3 Mass transfer evaluation of the synthesized catalysts on the esterification
reaction

Results from the experiments showed that the increase of acid strength doesn’t seem
to be the only factor affecting the conversions obtained. Therefore, the effect of pore size
on the internal mass transfer limitation was investigated below.

The presence of ordered micropores in zeolitic materials enhances their acidity.
However, the presence of this one type of porosity seems to contribute to the low usage of
the zeolite active volume by imposing limitations on the accessibility and the molecular
transport of bulky molecules such as triglycerides into the intercrystalline active acid sites
(Taguchi and Schiith 2005). In fact, microporous HZSM-5 zeolites have a small pore size
(5.1 = 5.5 A) and triglycerides molecules possess a kinetic diameter of around 11.81 A

estimated using eq. (5-7) (Wang & Frenklach, 1994).

o = 1.234.(M,)'/? 5-7

where o is the kinetic diameter estimated for hydrocarbons molecule, and My, is the
molecular weight of WFOs (876.5 g mol™).

This implies that the transport of triglycerides in pores of microporous zeolites such
as HZSM-5 is hindered.

Strategies to enhance molecular mobility and accessibility to the active sites

confined in zeolites for WFO transesterification were evaluated in this study by adopting
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two different approaches: shortening the micropore diffusion path length (NC-HZSM-5)
and introducing an secondary (meso)porosity within the microporous zeolite crystal (NSh-
HZSM-5 and NS-HZSM-5).

In order to assess more precisely the extent of internal mass transfer limitations of
the different zeolites on triglycerides conversions, reaction rates on the different
morphologies of HZSM-5 were studied as a function of intrinsic diffusion rate by the

estimation of Thiele modulus (@)(eq. (5-8)) (Carberry 2001).

5-8

where, L represents the characteristic diffusion length defined by the crystal size of the
zeolite determined by SEM, k is the reaction rate coefficient, and D, the effective
diffusivity of triglyceride and methanol molecules within the zeolitic pores.

This method thus combines a theoretical calculation of the effective diffusion
coefficient with the experimental value of the pseudo first-order rate constant k. A @ value
< 0.1 indicates that the transesterification reaction is not limited in terms of mass transfer
and that observed reaction rate equals the intrinsic reaction rate. A reaction rate constant of
8.82 x 10 h™! was calculated for the more active zeolite and used for all estimations.

The effective diffusion coefficient D, was calculated using eq. (5-9) (Poling et al.,

2001):
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Deff = DAB ; 5'9

where, D, is the molecular diffusion coefficient of solute A (WFO) at very low
concentration in solvent B (methanol), € is the particle porosity of the catalyst, and 7 is the
zeolite pore tortuosity.

In the present study, the molecular diffusion coefficient of triglycerides in methanol
was calculated based on the Wilke-Chang method (Wilke & Chang, 1955) and was 1.57 x
10° m”.s™ at the reaction temperature of 180 °C. ¢ for all zeolites were determined from the
nitrogen adsorbed in pore fractions and T was given a value of 4 as recommended for

porous materials (Carberry 2001). Corresponding D, s values for the zeolites used are

listed in Table 11 along with Thiele modulus estimations.

Table 11. Thiele modulus variables data for triglycerides transesterification using MC-
HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-HZSM-5

MC-HZSM-5 NC-HZSM-5 NSh-HZSM-5  NS-HZSM-5

£ 0.165 0.166 0.323 0.624
Dsp (m’s™) 1.28 .107 1.29 .107 2.51.107 4.85.107
L (nm) 6000 210 20 250
Y 0.298 0.010 0.0007 0.006

A Thiele modulus value of ~0.3 was obtained for micron-sized big crystals MC-
HZSM-5, whereas @ = 0.010, 0.006 and 0.0007 were estimated for NC-HZSM-5, NS-
HZSM-5 and NSh-HZSM-5 respectively. Despite the high Brensted acid concentration

MC-HZSM-5 holds, the transesterification reaction was hindered by mass transfer
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limitation whereby the zeolite active volume was not fully available to the triglycerides
molecules. MC-HZSM-5 diffusion properties can therefore justify the lower catalytic
performance it detained at different catalysts loading and methanol to WFO molar ratios,
relatively to the other nanosized and hierarchical zeolites respectively. NC-HZSM-5, NSh-
HZSM-5 and NS-HZSM-5 had Thiele modulus values of @ < 0.1, which prove that
molecular transport effectiveness was enhanced by shortening diffusion length (NC-
HZSM-5) and introducing an additional (meso)porosity (NSh-HZSM-5 and NS-HZSM-5).
It is noteworthy that the catalytic performance over NC-HZSM-5 is lower than that of the
hierarchical zeolites at the different catalysts loading and methanol to WFO molar ratios.
This shows that despite increasing the catalyst effectiveness by shortening its diffusion
length, it is not enough condition to reach high conversion yields. In addition to the short
diffusion length, generating mesopores that are directly accessible to the triglycerides and
FFA molecules from the outer surface of the zeolite crystal, enhanced the molecular
transport to and from the active sites of the NSh-HZSM-5 and NS-HZSM-5 which showed
the highest FAME:s yields at optimal transesterification reaction conditions.

However, it is noticeable that between the two hierarchical HZSM-5 materials, NS-
HZSM-5 zeolites which possess larger mesoporous diameter and volume (58 A and 0.35
cm?’.g” respectively versus 35 A and 0.13 cm?.g” for NSh-HZSM-5) along with a higher
number of Bronsted acid sites (218 versus 103 pmol.g” for NSh-HZSM-5), exhibit lower
catalytic activity than NSh-HZSM-5 (19.43 % (SD = 0.18) for NS-HZSM-5 versus 26.83 %
(SD = 1.59) for NSh-HZSM-5) at the following reaction conditions: (10 wt% catalyst

loading, 6 h reaction time, 550 rpm stirring rate, and 140 °C reaction temperature).
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Turnover frequencies (FAMEs produced per strong acid site per specific surface
area in one hour) were therefore calculated for the hierarchical zeolites to provide insight
into which fundamental factors affect catalytic activity. TOF calculation yielded values of
1.12 x 10° and 1.21 X 10" Mol,roduced methyl inoleate -moly.m?.g.h™" for NSh-HZSM-5 and
NS-HZSM-5 respectively. The TOF values of the hierarchical zeolites are closely similar
whereas their reactivity was significantly different. This indicates that there is no
significant influence of the specific nature of the acid sites of NSh-HZSM-5 and NS-
HZSM-5 on their catalytic behavior.

Generally, in addition to the number of porosity levels, hierarchical zeolites are
characterized by their individual geometry. NS-HZSM-5 nanosponges have a disordered
geometry in comparison with the very ordered NSh-HZSM-5 nanosheets geometry (Na et
al. 2010, 2011). The primary purpose of using hierarchical zeolites as catalysts is to couple
the catalytic character of micropores and the improved molecular transport by introducing
additional mesopores, in a single material. However, the connectivity between the two
types of pores is essential to optimize the effectiveness of bi-porosity in catalyzed reaction
(Pérez-Ramirez et al., 2008) and consequently, to facilitate the transport of bulky materials
from the outer mesoporous surface of the hierarchical zeolite into the active intercristalline
space. Despite the higher Bronsted acid sites concentration in NS-HZSM-5, the disordered
mesopores generated by surfactant aggregates could have been less effective than the
orderly generated mesopores of NSh-HZSM-5 for the selective transport of triglycerides
and FFAs to the totality of the intrinsic active acid sites. Consequently, engineered
hierarchical zeolites for high catalytic selectivity, requires a careful design of mesopores

harmoniously located with the micropores. However, it is difficult to assign such causation
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with certainty without further exploration and, therefore, this will not be considered further
here.

Alternatively, a competing adsorption phenomenon might have existed between all
reaction components on the surface of NS-HZSM-5 catalyst. The relatively more
hydrophilic NS-HZSM-5 (Si/Al = 23, versus Si/Al = 44 for NSh-HZSM-5) adsorbed
glycerol by-product more strongly than less polar reactants and consequently blocked the
access of methanol, triglycerides and FFAs to the active sites of the zeolite (Khalid et al.,
2004). However, when the Si/Al ratio was high, as it is the case for NSh-HZSM-5, glycerol
produced in the transesterification reaction desorbed rapidly from the more hydrophobic
surface of zeolites, increasing thus the outer mesoporous surface coverage of methanol,
triglycerides and FFAs and their diffusion into the internal active sites. In terms of diffusion
limitation, relative hydrophobicity and reactant selectivity, NSh-HZSM-5 offered the best

catalytic performance in transesterification reactions for biodiesel production.

5.4 Conclusion

Despite their higher acidic strength, conventional big and nano-crystals of HZSM-5
zeolites achieved lower yields than hierarchical HZSM-5 zeolite catalysts produced in
nanosheet and nanosponge morphologies, for the transesterification of WFO with methanol.
Enhanced accessibility and molecular transfer of triglycerides and FFAs from the outer
mesoporous surface to the intra-crystalline active zeolite resulted in achieving high
conversions of 19.43 % (SD = 0.18) for NS-HZSM-5 and 26.83 % (SD = 1.59) for NSh-
HZSM-5 at similar reaction conditions. A maximum FAMEs yield of 48.29 % was reached

for the esterification of WFO using NSh-HZSM-5 at 4 h reaction time, 10 wt% catalyst
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loading, 12:1 methanol to linoleic acid molar ratio and 180 °C. Although highly accessible
and acidic, HZSM-5 nanosponges did not operate to their full potential as compared to with
HZSM-5 nanosheets as their relatively lower Si/Al ratio made the zeolite’s surface more
prone to adsorb glycerol by-product than the less polar reactants, and because the
connectivity between the two levels of porosity wasn’t optimal for effective selective

transport of reactant and product molecules to and from the active sites of the catalyst.
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CHAPTER 6

CATALYTIC STUDY ON THE ESTERIFICATION OF LINOLEIC ACID USING
HZSM-5 ZEOLITES WITH DIFFERENT SI/AL RATIOS

In this chapter, microporous HZSM-5 zeolite crystals with different Si/Al ratios (45,
25 and 11.5) were compared for the esterification of linoleic acid with methanol as a model
reaction for biodiesel production. As-synthesized catalytic materials were characterized
with instruments including XRD, SEM, TEM, BET/BJH porosimetry analysis, X-Ray
fluorescence, and FTIR. The catalytic behavior of HZSM-5 zeolites with different Si/Al
ratios was assessed by varying reaction temperature and time, methanol to linoleic acid
molar ratio, and catalyst loading. The external mass transfer limitation of HZSM-5 zeolites
was investigated and the correlation between the surface hydrophobicity and acidity of the
zeolites with different Si/Al ratios and their catalytic performance was assessed based on

experimental results.

6.1 Introduction

On account of the high demand for diesel fuel and the adverse environmental and
health impacts of its direct combustion, biodiesel production and application have been
globally increasing as a promising substitute for petroleum-based diesel (Baskar and
Aiswarya 2016; Zivkovié et al. 2017). Biodiesel is commonly produced by the
esterification of free fatty acids (FFAs) or the transesterification of triglycerides from
different renewable feedstocks, with an excess of short-chain alcohol such as methanol, in

the presence of a homogeneous acid or base catalyst (Yaakob et al., 2014). However, a
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large amount of wastewater is generated for the purification of biodiesel produced using
homogeneous catalysts, increasing thus the costs (Granados et al. 2007). Other problems
associated with homogeneous catalysts include difficulty in the separation of the catalysts
from the reaction mixture (Tan et al., 2015; Veljkovi¢ et al., 2015). The use of
heterogeneous insoluble acid catalysts minimizes the problems associated with
homogeneous catalysis. They can be easily separated from the products by filtration and
used several times after recycling (Chung et al., 2008). They are also non-corrosive, don’t
promote soap formation and eliminate product purification steps offering thus, a more
environmental and economic pathway for biodiesel production (Saravanan et al., 2015).
Park et al. compared acid solid sulfated zirconia, amberlyst 15, and tungsten oxide zirconia
catalysts for biodiesel production from WFOs, and recorded highest yield for tungsten
oxide zirconia (WQO3/ZrO;) (Park et al., 2010). Feng et al. used the cation-exchange resins
NKC-9, 001x7 and D61 as heterogeneous acid catalysts in biodiesel production from
WFOs. NKC-9 had the best catalytic activity yielding 90% conversion (Feng et al. 2010).
Gardy et al. grused mesoporous TiO,/PrSOsH solid acid catalyst (4.5 wt%) for the
transesterification of WFOs which resulted in 98.3% yield at 60 °C (Gardy et al., 2017).
ZSM-5 zeolite, which is most commonly synthesized using the hydrothermal route
(Shirazi et al., 2008), is a medium pore (5.1-5.6 A) zeolite with three-dimentional channels
defined by 10-membered rings (Sang et al. 2004). Due to its unique shape selectivity, solid
acidity, ion exchangeability, thermal stability and structural network, ZSM-5 has been
widely used as catalyst in petroleum and petrochemical industry (Falamaki et al., 1997).
The catalytic properties of the zeolite are often influenced by their physical and chemical

properties. Some studies observed that the conversion of oil molecules decreases with
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increasing Si/Al ratio of the acid zeolite (Chung & Park, 2009;Chung et al., 2008). The
amount of acid sites decreases as the Si increases over Al in the framework of the zeolite
reducing thus its catalytic activity. However, other studies found that zeolites with high
Si/Al ratios have better catalytic performance in transesterification reactions (Doyle et al.,
2016; Sun et al., 2015) as the strength of the acid sites increases despite their lower number
in comparison with zeolites of low Si/Al ratios. In the present study, the effect of acidic
properties and Si/Al ratio of HZSM-5 zeolite catalysts on the esterification of linoleic acid
as a model reaction for biodiesel production was discussed. The catalytic behavior of
HZSM-5 zeolites of Si/Al ratios of 11.5, 25, and 45 was assessed by varying reaction
temperature and time, methanol to linoleic acid molar ratio, and catalyst loading. The
external mass transfer limitation of HZSM-5 zeolites was investigated and the correlation
between the surface hydrophobicity and acidity of the zeolites with different Si/Al ratios

and their catalytic performance was assessed based on experimental results.

6.2 Experimental section
6.2.1 Catalysts Synthesis
ZSM-5 zeolite (Si/Al = 45) were synthesized by dissolving 0.26 g of sulfuric acid
(Aldrich) and 3.19 g of tetraethoxysilane (TEOS, Aldrich, 98%) in 10.75 g of distilled
water in a 45 ml teflon-lined stainless-steel autoclaves. 0.36 g of sodium hydroxide (Riedel
de Haen, 99%) and 0.1 g of Al,(SO4)3.18H,0 (Rectapur, 99%) were added to the mixture.
An amount of 3.03 g of tetrapropylammonium hydroxide (TPAOH) aqueous solution (25

wt%, Fluka) was finally added in order to set the molar composition of the gel to: 100SiO;:
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1A1,05 : 30NaO : 18H,SO4: 20TPAOH: 4000H,0 (Dhainaut et al. 2013). The gel was then
stirred at 1000 rpm during 30 min, heated at 60 °C for 4 hours and finally placed in a
tumbling oven at 150 °C for 4 days. The autoclaves were set at 30 rpm.

ZSM-5 zeolite (Si/Al = 25) were synthesized following a modified method
developed by Kim and Kim (Kim and Kim, 2008).To achieve a molar composition of
100S10; : 2A1,05 : 10Na,0O : 2250H,0, 9.39 g of colloidal silica (Sigma-Aldrich, LUDOX
HS 40 wt.% Si0O; in water) and 3.27g of NaOH (10 wt% in water) were added to 5.12 g of
distilled water in a 45 ml teflon-lined stainless steel autoclaves. The mixture was stirred at
200 rpm for 3h, at room temperature. In a separate beaker, 0.28 g of NaOH (10 wt% in
water) and 0.24 g of sodium aluminate (NaAlO; of 53 wt% AL,0O3, 42 wt% Na,O, and 5
wt% H>0) were dissolved in 9.87 g of distilled water and stirred at 200 rpm for 3 h. An
amount of 4.67 g of distilled water were then added to the beaker mixture. At the end of the
3 hours, the beaker content was added to the solution present in the teflon-lined stainless-
steel autoclaves, and the mixture was stirred for 1 hour at room temperature. The reaction
temperature was then increased to 190 °C for 2 hours under stirring and finally placed in an
oven at 150 °C for 35 h.

For comparison, commercial ZSM-5 zeolite (Si/Al = 11.5) was purchased.

To convert the prepared ZSM-5 zeolites from Na” to NH," form, 1 g of prepared Na-ZSM-
5 zeolites was mixed with 20 ml of 1 M solution of NH4ClI at 80°C for 2 h and stirred in a
round bottom flask fitted with a reflux condenser. The ion exchange process was repeated
three times. NH4 -type zeolites were recovered by filtration, washed with deionized water
and dried at 105°C for 6 h. the samples were finally calcined in air at 550 °C for 10 h to

give zeolites in H' form. The prepared zeolites (H-ZSM5) were denoted by their Si/Al ratio
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in the parenthesis after each zeolite name as follows: HZSM-5 (45), HZSM-5 (25) and

HZSM-5 (11.5).

6.2.2 Catalysts Characterization

Powder X-ray diffraction (XRD) was performed in the reflection geometry using a
Philips X Pert Pro diffractometer with Cu Ka radiation (wavelength 1.5418 A) equipped
with an X'Celerator real-time multiple strip detector (active length =2.122 © 20). The
powder pattern was collected at 22°C in the range 3 <26 < 50°.

The morphology and particle size of the synthesized samples were determined using a scanning
electron microscope (SEM) (Philips XL.30 FEG) working at 7 kV accelerating voltage.

The Si/Al molar ratio of the synthesized samples was estimated by X-ray fluorescence (Philips,
Magic X).

A Micromeritics 2420 ASAP was used for nitrogen sorption measurements. Prior to
each experiment, 50 mg of the calcined zeolitic samples were outgassed to a residual pressure of
less than 0.8 Pa at 300 °C for 15 h. Nitrogen sorption measurements were performed at —196 °C.
Specific surface areas were determined according to the Brunauer—-Emmett-Teller (BET)
method, in the p/p° range of 0.05-0.25. Total pore volume was determined from the nitrogen
adsorbed volume at p/p” = 0.90 and the #-plot method was used to distinguish micropores from
mesopores (p is the vapor pressure and py is the saturation vapor pressure of nitrogen). The
mesopore size distribution was calculated using the BJH method.

To determine the number of Bronsted acid sites present in the different solid acids,
infrared spectra (FTIR) of pyridine adsorbed at 150 °C were recorded on a Nicolet Magna 550-

FT-IR spectrometer with a 2 cm ' optical resolution. After establishing a pressure of 1 Torr at

140



equilibrium, the self-supported pellets of HZSM-5 were each evacuated at 200 °C under
vaccum (10°° bar) for 1 h, to remove all physisorbed species. The concentrations of pyridine
adsorbed on the Bronsted [PyrH'] and Lewis [PyrL] sites were determined from the integration
of the bands at 1545 and 1454 cm ™' respectively, using the extinction coefficients previously

determined by Guisnet et al., 1997.

6.2.3 Esterification Reaction Procedure

Linoleic acid (ACROS, 99 %) conversion into methyl linoleate in the presence of
methanol was used as a model reaction for biodiesel production. The experiments were
performed in triplicates by reflux in a 50 ml batch reactor placed in thermostatic oil bath
under stirring. Increased quantities of methanol (Riedel De Haen, 99.9 %) were added to
0.6 mL of linoleic acid (equivalent to 1 mol, 0.54 g), in order to achieve methanol to oil
molar ratios of 6:1, 12:1 and 25:1. Optimization of reaction temperature was done by
performing reactions at 60, 140 and 180 °C, respectively. The stirring speed was fixed at
550 rpm. The effect of the chemically modified zeolites of different Si/Al ratios on FAMEs
production was investigated by using catalysts in loadings of 10 wt% relatively to the
quantity of linoleic acid. The desired amount of catalyst was dried before the reaction at
105 °C. The esterification reaction kinetics were also studied under the same conditions
using the optimal determined reaction temperature and methanol to oil molar ratio.

At the end of the reactions, the reactors were extracted with 50 ml methanol
followed by two dichloromethane (DCM) (Fisher, 99.8 %) extractions of 50 mL each. The
liquid extracts were filtered under gravity through a bed of filtration beads and 0.2 um filter

paper and analyzed for residual fatty acid and produced FAMES, namely methyl linoleate.
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6.2.4 Method of Analysis
The analysis of FAMEs content was performed on a Trace Ultragas chromatogram

equipped with a flame ionization detector and an HP-INNOWAX capillary column
(30 m x 250 pm x 0.25 um). The flow rate of helium carrier gas was 1 mL/min. The split
flow rate was equal to 100 mL/min, the inlet temperature was held at 300 °C and the flame
temperature was 250 °C. The sample injection volume was 5 pL.. The oven temperature
program was as follows: start at 60 °C (2 min), ramp at 10 °C/min to 200 °C (0 min), ramp
at 5 °C/min to 240 °C (7 min). Peaks of methyl esters (namely methyl linoleate among other
methyl esters) were identified and quantified using reference standards (Supelco 37
component FAME mix in DCM, TraceCert). The yield of methyl esters was determined by

the following equation (6-1):

Cue XV,
Yield (%) — Z ME extract x 100 6-1

MO Linoleic acid

where, Cy g 1s the concentration of methyl esters in g/L quantified by GC/FID, Ve trqct 18
the extract volume (L) , and My inoreic acida» the initial mass of linoleic acid added to the
reactor (0.54 g).

Analysis was also performed by high-performance liquid chromatography (HPLC)
on an 1100 Series Chromatographic System with a diode array detector (Agilent
Technologies, CA, USA) to determine residual linoleic acid concentration. The method
developed by Gratzfeld-HiiSgen and Schuster (Gratzfeld-Husgen & Schuster, 2001) was

followed and a C8 column (150 x 2.1 mm ZORBAX Eclipse XDB, 5 um) was used. Prior
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to injection, FFAs were derivatizated with bromophenacyl bromide (Fluka, Buchs SG,
Switzerland), to obtain their corresponding esters. The composition of the mobile phase
used was: water (A) and acetonirile + 1% tetrahydrofuran (B), at a solvent gradient of 30%
B at 0 min; 70% B at 15 min; and 98% B at 25 min. The detection wavelength for the esters

of fatty acids was 258 nm.

6.2.5 Determination of the kinetics of the esterification reaction
To determine the kinetics of the reaction, the effect of time on linoleic acid
conversion was measured. A general equation of reaction rate based on the stochiometric

relationship of the reactants and products could be presented as follows (eq. (6-2)):

dt

=k"CLA'CI\34€ 6-2

_ra= —_

where C, 4 is the concentration of linoleic acid (mg.L™), Cy, the concentration of methanol
(mg.L™"), and &’ the reaction rate constant (h™).

Eq. (6-2) follows a second order reaction rate law. However, excess methanol is
used in the reversible esterification reaction to shift the equilibrium towards the formation
of methyl linoleate. Correspondingly, a pseudo-first order reaction could well describe the
esterification mechanism (eq. (6-3)) (Birla et al., 2012; Dang et al., 2013):

dcC
a= =g = K'Cua - Cite =k .Cua 6-3

where k= k'.C3 ~ cst, when methanol is used in excess.

143



The initial concentration of linoleic acid is set as Cy ;4 at time = 0 and as C; ;4 at

time z. The integration of eq. (6-3) from¢t=0tot=1¢ and Cy 4 to C; 4 gives eq. (6-4):

lnCOLA_lnCtLA:k.t 6-4

From the mass balance of the reaction,

where X;,; is the methyl linoleate yield. Upon rearrangement of eq. (6-4), the kinetics of

linoleic acid conversion could be expressed as follows (eq. (6-5)):

11’1(1 - XML) = _k .t 6-5

6.3 Results and Discussion
6.3.1 Catalyst Characterization
As illustrated in Figure 25, the sole crystalline MFI phase was obtained for all
zeolites which confirms the high purity and crystallinity achieved during synthesis. XRD
reflections of HZSM-5 (25) are broader than those of HZSM-5 (45) and HZSM-5 (11.5).
This is explained by the smaller crystal size that HZSM-5 (25) holds as compared to

HZSM-5 (45) and HZSM-5 (11.5) as confirmed by SEM imaging.
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Figure 25. Wide angle XRD patterns of exchanged and calcined HZSM-5 (45), HZSM-5
(25), and HZSM-5 (11.5)

The SEM micrographs shown in Figure 26 reveal the shape of the HZSM-5 zeolites
of different Si/Al ratios. HZSM- 5 (45) crystals have crystal sizes ranging between 2.4 and
6 um (Figure 26a). HZSM-5 (25) crystals show lower average sizes of 1.5 to 5.5 um

(Figure 26b) and HZSM-5 (11.5) zeolites have crystal sizes of 2 to 6 um (Figure 26c).
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Figure 26. Scanning electronic microscopy (SEM) images of (a) HZSM-5 (45), (b) HZSM-
5 (25), and (c) HZSM-5 (11.5)

The textural data of the synthesized samples HZSM-5 (45), H-ZSM-5 (25) and HZSM-5
(11.5) are summarized in Table 12. Type I adsorption isotherms are obtained for conventional
MFI-type zeolites (Figure 27), which is typical for completely microporous materials. A slight
hysteresis was observed for the three zeolite samples, due to the agglomeration of
microcrystals and the formation of inter-particular voids in which nitrogen was adsorbed.
BET surface areas of the three samples were also similar and measured 380 m”.g"". The
microporous volume of HZSM-5 (45) with the highest Si/Al ratio was, 0.17 cm’.g™, while a

lower value of 0.15 cm’.g” was measured for HZSM-5 (25) and HZSM-5 (11.5).
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Figure 27. N, adsorption/desorption isotherms at —196 °C of the calcined HZSM-5 (45),
HZSM-5 (25), and HZSM-5 (11.5) samples. Full bullets represent adsorption isotherms and
empty bullets, the desorption ones.

The quantification of the acidity of HZSM-5 with different Si/Al ratios was done by
FTIR of adsorbed strong base pyridine molecule. In addition to its ability to access the
inner pores of the zeolites, it distinguishes between protonic Brensted acid sites (PyrH")
and coordinated Lewis acidic sites (PyrL) (Derouane et al. 2013). The concentrations of
Lewis and Bronsted acidic sites were calculated from the bands at 1454 cm™' and
1545 cm™', respectively and the results are reported in Table 12. It is interesting to observe
the effect of Si/Al ratio on the acidity of the zeolites. As Si/Al ratio increases for the
HZSM-5 zeolites, the total concentration of acid sites (PyrH' and PyrL) decreases, making
the number of total acid sites a function of the Si/Al ratio. This is not surprising because as

Al content decreases in the zeolite, charge imbalance associated to the Al content also
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decreases, yielding a lower H' exchange capacity. However, the strong Brensted acidic
sites concentrations don’t undertake the same trend for the different zeolites. Although the
amount of total acid sites and acid strength was the highest for HZSM-5 (11.5), [PyrH'] of
HZSM-5 (25) was lower than that of HZSM-5 (45), whereby a higher relative density of the

total acid sites of HZSM-5 (25) existed as Lewis sites in comparison with HZSM-5 (45).

Table 12. BET surface area, porous volume and acidity of the H-ZSMS5 catalysts with
different Si/Al ratios

HZSM-5 types S BET Total porous Microporous [PyrH']? [PyrL]"
(m*g)  volume (cm?g) volume (cm¥g) (umol.g”) (umol.g™)

HZSM-5 (45) 395 0.17 0.17 351 44
HZSM-5 (25) 373 0.15 0.15 347 126
HZSM-5 (11.5) 387 0.15 0.15 749 173

*Concentration of pyridine adsorbed on Brensted acid sites after thermodesorption at 150 °C.
®Concentration of pyridine adsorbed on Lewis acid sites after thermodesorption at 150 °C.

6.3.2 Optimized Reaction Conditions of Esterification

6.3.2.1 Effect of Reaction Temperature on Esterification

To study the effect of reaction temperature on the conversion of linoleic acid,
experiments using HZSM-5 (45), HZSM-5 (25) and HZSM-5 (11.5) were carried out at
three different temperatures of 60, 140 and 180°C, under the same reaction conditions
(methanol to linoleic acid molar ration = 12/1, stirring rate = 550 rpm, catalyst loading = 10
wt%, and reaction time = 6 h). As shown in Figure 28, catalytic activity increased with
increasing temperature except for HZSM-5 (45) and HZSM-5 (25) which showed no

significant difference in linoleic conversion at 60 and 140 °C. For all zeolites, the highest
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linoleic acid conversions were reached at the optimal reaction temperature of 180°C, with
the order of conversion being HZSM-5 (45) (45.76 %, SD = 4.85) > HZSM-5 (25) (43.73
%, SD =4.43) > HZSM-5 (11.5) (27.96 %, SD = 2.23). Higher temperatures achieved
higher conversions which is explained by the decrease of the FA viscosity at high
temperatures, promoting thus a better methanol/linoleic acid phase mixture, increasing thus
methyl linoleate yield. It is noteworthy to mention that at the different reaction
temperatures used, linoleic acid conversions using HZSM-5 (45) were the highest, followed
by HZSM-5 (25) and HZSM-5 (11.5), respectively. While HZSM-5 (11.5) has the highest
strong acid sites concentration, it exhibits the lower catalytic performance. The increase of
acid strength doesn’t seem to be the only factor affecting the conversions obtained, as will

be later discussed.

149



607 @ zsm-545)
O ZSM-5 (25)
v ZSM-5(11.5)
- 40 -
°
.
0 [)
9
S o)
= Y
£
[]
=
R 20 v
¥
0 T T T
60 140 180

Temperature (°C)

Figure 28. Effect of reaction temperature variation on the esterification of linoleic acid
using HZSM-5 (45), HZSM-5 (25), and HZSM-5 (11.5) catalysts at the molar ratio of
methanol to linoleic acid molar ratio of 12:1, catalyst loading of 10 wt%, stirring rate of
550 rpm, and reaction time of 6 h

6.3.2.2 Effect of Methanol to Linoleic Acid Ratio on Esterification

The effect of the molar ratio of methanol to linoleic acid on the conversion of the
latter was examined through varying the amount of methanol used for the different HZSM-
5 (45), HZSM-5 (25), HZSM-5 (11.5) catalysts. Methanol to linoleic acid molar ratios of
6:1, 12:1, and 25:1 were used to provide excess methanol to force the reversible

esterification reaction towards the formation of methyl linoleate (Qiu et al. 2011). Similar
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reaction conditions were used for the esterification reactions and consisted of 10 wt%
catalyst loading, 6 h reaction time, 550 rpm stirring rate, and fixed optimal temperature of
180°C. Figure 29 shows that the conversion rate of linoleic acid decreased for all zeolite
catalysts as the molar ratio of methanol to linoleic acid increased from 6:1 to 12:1 and from
12:1 to 25:1. At higher methanol to linoleic acid molar ratios, the influence of reverse
reaction is potentially greater than the forward esterification reaction. This phenomenon is
due to the slight recombination of methyl linoleate and water to form linoleic acid. Excess
methanol could affect the solubility of the nearly immiscible water and methyl linoleate
encouraging thus the backward reaction to take place (Shu et al., 2007). Also, the
conversion may have decreased due to the adsorption of more water produced when the
quantity of methanol was further increased to react with linoleic acid. Methanol to linoleic
molar ratio of 6;1 was thus the optimal molar ratio with an order of conversion of HZSM-5
(45) (78.62 %, SD = 0.63) > HZSM-5 (25) (61.56 %, SD =2.30) > HZSM-5 (11.5) (27.96

%, SD =1.99).
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Figure 29. Effect of methanol to linoleic acid molar ration variation on the esterification of
linoleic acid using HZSM-5 (45), HZSM-5 (25), and HZSM-5 (11.5) catalysts at catalyst
loading of 10 wt%, reaction temperature of 180 °C, stirring rate of 550 rpm and reaction

time of 6 h

For all the experiments carried out, residual linoleic acid was quantified using

HPLC and mass balance closure was inspected. Table H in APPENDIX H presents numeric

methyl esters yields and residual linoleic acid content at the different reaction conditions.
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6.3.2.3 Effect of External Mass Transfer Limitation

Microporous HZSM-5 zeolites have a small pore size (5.1 — 5.5 A) and linoleic acid
molecules possess a kinetic diameter of 8.08 A estimated using eq. (6-6) (Wang &

Frenklach, 1994).

o = 1.234.(My)'/? 6-6

where ¢ is the kinetic diameter estimated for hydrocarbonmolecules, and My, is the
molecular weight of linoleic acid in g mol™.

Meaning that it is unlikely for such a molecule to penetrate the pores and reach the
active intrinsic sites of the microporous zeolite such as microporous HZSM-5.

Therefore, the esterification reaction is more likely to happen on the external
surface of microporous HZSM-5 (Vieira et al. 2015, 2017). However, the mass transfer
between the bulk fluid and the external catalytic surface should be examined. In a
homogeneous catalytic reaction, the effect of mass transfer is negligible, as all substances
(reactants, catalysts and products) are in the same phase. In a heterogeneous catalytic
reaction as is the case in this study, the catalyst is in a different phase than the reactants and
diffusion of the reactants from the bulk phase to the external surface of the catalyst particle

can be hindered if proper stirring is not provided.
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Figure 30. — In(1 — X,,;) versus reaction time plot at optimal reaction conditions using
HZSM-5 with different Si/Al ratios

At 550 rpm stirring rate, the effect of external mass transfer limitations could be

examined using the dimensionless Mears criterion (C,,) (Ju et al. 2011):

_ Ty pdn

Cry = ——— -
M= 2k, C, 6-7
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where, 1y 1s the initial reaction rate which is equal to the reaction rate of linoleic acid

moles of methyl esters produced in the reaction time (mol)

esterification at 60 min (= (Sert et al.,

catalyst loading (g) xreaction time (min)
2013), p is the framework density of HZSM-5, d is the mean diameter of the catalyst
particles, C, is the initial concentration of linoleic acid, n is the reaction order (the
esterification reaction obeyed the pseudo first-order reaction kinetics as shown in Figure 30
with reaction rates of 2.75 x 107, 1.71 x 107", and 1.13 x 10" for HZSM-5 (45), HZSM-5
(25) and HZSM-5 (11.5), respectively), and k. is the mass transfer coefficient, estimated

by the Dwivedi-Upadhyay equation (Dwivedi& Upadhyay, 1977):

1/3

2D4p Zhppcg
ke = =22+ 031N ( . ) 6-8
Z C

where D, is the molecular diffusion coefficient of solute A (linoleic acid) at very low
concentration in solvent B (methanol), calculated based on the Wilke-Chang method,
accounting for the reaction temperature of 180 °C (Wilke & Chang, 1955), d, is the
diameter of the catalyst particle, y. is the viscosity of the solvent, g is the gravitational
acceleration, Ny is the Schmidt number, and Ap is the difference between density of the
solution and the catalyst and p. the density of the solvent.

If the value of the Mears parameter is lower than 0.15, the external mass transfer
diffusion resistance is negligible in the kinetic study. C,, were 2.71 x 107, 1.35 x 107 and
2.84 x 107 for HZSM-5 (45), HZSM-5 (25) and HZSM-5 (11.5) respectively. This

indicates that the external mass transfer limitations in the solid-liquid interface were
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overcome when the stirring speed was 550 rpm and that the esterification reaction mainly

took place on the totality of the external surface of the zeolite.

6.3.2.4 Effect of Reaction Time on Esterification

In order to study the influence of reaction time on the conversion of linoleic acid,
experiments were carried out using HZSM-5 (45), HZSM-5 (25), HZSM-5 (11.5) catalysts
at the optimal reaction conditions (methanol to linoleic acid molar ratio of 6:1, reaction
temperature of 180 °C, catalyst loading of 10% and stirring rate of 550 rpm) with the
variation of reaction time in the range of O - 24 h. Figure 31 shows the effect of reaction
time on methyl linoleate yield for the different Si/Al ratio catalysts. According to the
results, an increase in the reaction time from 1 to 4 h causes a marked increase of
conversion of linoleic acid reached a maximum yield of 79.78 % and 62.60 % registered for
HZSM-5 (45) and HZSM-5 (25) at 4 h. For these two zeolites, no further significantly
different conversion was observed in the reaction time from 4 to 8 h, making thus the 4 h
the optimal reaction time for the model reaction of biodiesel. A maximum yield of 48.66%
was however achieved at 6 h reaction time for HZSM-5 (11.5). The general increase in
catalytic activity for the HZSM-5 zeolites of higher Si/Al ratios will be explained in detail
below. Aside from yielding lower linoleic acid conversions, higher reaction times are not

favorable for the esterification reactions due to the higher energy consumption they require.
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Figure 31. Effect of reaction time on the esterification of linoleic acid using HZSM-5 (45),

HZSM-5 (25), and HZSM-5 (11.5) catalysts at catalyst loading of 10 wt%, methanol to
linoleic molar ratio of 6:1, reaction temperature of 180 °C, and stirring rate of 550 rpm

6.3.3 Effect of Si/Al Ratio on Esterification
The difference in activity between HZSM-5 zeolites with different Si/Al ratios is
interesting (Fig.7). At early stages of the esterification reactions (up to 2 h), a higher
catalytic activity was observed for the HZSM-5 zeolite with the lower Si/Al, agreeing with
the fact that the activity improves as the number of strong acid sites increases (at lower
Si/Al ratios). After 4 h of reaction time, the activity of linoleic acid on zeolites increased

with increasing Si/Al ratio. Doyle et al. reported a similar increase in activity for the HY
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zeolites with lower Si/Al ratio, during the initial stages of the reaction (Doyle et al. 2016).
However, for a lower Si/Al ratio, the zeolite presents a more hydrophilic character which
makes it more prone to adsorbing on its surface the water produced from the esterification
reactions, blocking thus the access of the fatty acids to the external active sites. As water is
produced, it competes with less polar methanol and linoleic acid for the adsorption sites of
the zeolites surface. This explains the lower linoleic acid conversions registered for the
more hydrophilic HZSM-5 (11.5) zeolites starting 4 h reaction time. On another hand,
although zeolites with high Si/Al ratio may lose their acidic properties, their higher
hydrophobic character allow them to rapidly desorb the produced water during the
esterification reaction which could lead to the catalysts deactivation. This results in an
increase in the surface coverage of linoleic acid. Therefore, Si/Al ratio of HZSM-5
determines the acidity and relative hydrophobic character of the zeolite, both influencing
the kinetics and ultimate yield from the esterification reactions. At early stages of the
esterification reaction the acidity of the zeolites took over the hydrophilic character of
HZSM-5 (11.5) as water molecules were not yet produced in quantities high enough to
compete with linoleic acid adsorption to acid sites. HZSM-5 (11.5) registered a maximum
conversion of 30.28 % at 2 h reaction time in comparison with 21.49 % and 21.15 % for
HZSM-5 (25) and HZSM-5 (45), respectively. However, at later stages of the reactions
(beyond 4 h), the relative hydrophobic character of HZSM-5 zeolites allowed rapid
desorption of produced water molecules and more coverage of linoleic acid which resulted
in higher methyl esters production) yields despite the lower acidity. Linoleic acid
conversion reached a maximum of 79.78 % and 62.60 % for HZSM-5 (45) and HZSM-5

(25) at 4 h reaction time, respectively, whereas it only reached a maximum of 45.27% at a
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similar reaction time for HZSM-5 (11.5). Thus, HZSM-5 (11.5) zeolite exhibited the
highest Bronsted acidity but the lower catalyst performance, and the zeolites with high

Si/Al ratios had better catalyst performance.

6.4 Conclusion

Esterification of linoleic acid with methanol was carried out over HZSM-5 zeolites
with different Si/Al ratios. A maximum methyl ester yield of 79.78 % was reached for the
esterification of linoleic acid using HZSM-5 (45) at 4 h reaction time, 10 wt% catalyst
loading, 6:1 methanol to linoleic acid molar ratio and 180 °C. It was shown that Si/Al ratio
of HZSM-5 zeolites determines their acidity and hydrophobic character with a combined
effect on the esterification reactions. As the reaction time progresses, water molecules are
produced and are rapidly adsorbed to more hydrophilic surfaces (zeolites with low Si/Al),
decreasing the surface coverage of linoleic acid and yielding lower conversions despite the
zeolites’ higher acidity. The conversion rate of linoleic acid with methanol could thus be

enhanced by designing zeolites with adequate relative hydrophobicity and acidity.
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CHAPTER 7
CONCLUSION

For the application of HZSM-5 zeolite catalyst in esterification and
transesterification reactions, the catalytic performance of zeolites depends on their acidic

properties, hydrophobic character and on their pore size.

7.1 Important conclusions
7.1.1 With respect to the economic viability of homogeneous transesterification

from WFOs in Lebanon

Despite being an economically-sustainable fuel alternative for the years 2011
through 2014, the viability of biodiesel production from WFOs doesn't apply to the years
2015 to present in Lebanon. The economic sensitivity assessment of biodiesel production
from WFOs allowed a better understanding of cost interactions and showed that biodiesel
production cost is economically competitive with fossil diesel when a subsidy policy on
WFOs acquisition cost is implemented by the government. Benefit analysis showed that
biodiesel presents superior environmental benefits over petroleum diesel and its production
provides a net energy gain. Accordingly, by interacting with local authorities and creating a
more covered supply chain coordination system, it would be possible to successfully reuse
WFOs for the production of biodiesel on a national scale for the long term, and reduce

the environmental damages caused by their disposal.

160



7.1.2 With respect to the application of hierarchical heterogeneous zeolites for

biodiesel production

Esterification of linoleic acid and WFOs with methanol was successfully catalyzed
using hierarchical HZSM-5 zeolite catalysts produced in nanosheet and nanosponge
morphologies as compared to highly acidic conventional big and nano-crystals of HZSM-5
zeolites. Improved accessibility and molecular transport of linoleic acid from the outer
mesoporous surface to the intrinsic active zeolitic framework resulted in achieving high
conversions for HZSM-5 nanosheets and HZSM-5 nanosponges at similar reaction
conditions. Maximum methyl ester yields of 95.12 % and 48.29 % were reached for the
esterification of linoleic acid and WFOs respectively, using NSh-HZSM-5 at 4 h reaction
time, 10 wt% catalyst loading, respective 6:1 and 12:1 methanol to oil molar ratio and 180
°C. Although highly accessible and acidic, HZSM-5 nanosponges did not operate to their
full potential as compared to HZSM-5 nanosheets given their higher hydrophilicity which
hindered fatty acid and triglycerides adsorption to their surface and subsequently their
transfer from the outer surfaces of the mesopores to the intrinsic active sites. Also, the
connectivity between the two levels of porosity could have not been optimal for effective
selective transport of reactant and product molecules to and from the active sites of the

nanosponge catalysts.

7.1.3 With respect to the effect of acidic and hydrophobic characters on the catalytic

performance of zeolites with different Si/Al ratios
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It was shown that Si/Al ratio presents a trade-off between the acidity and the
hydrophobic character of the zeolite. As the esterification reaction time progresses, polar
by-product molecules are produced and are rapidly adsorbed to more hydrophilic surfaces
(low Si/Al), decreasing the surface coverage of less polar fatty acids and methanol and
yielding lower conversions despite the zeolites’ higher acidity. FAME:s yield could thus be

enhanced by designing zeolites with higher hydrophobicity.

7.2 Future Work

Recommended future work includes:

7.2.1 Shape selective effect of channels and cages of different hierarchical zeolites

for biodiesel production

Hierarchical porous solids can be characterized by the number of porosity levels in
the material and their individual geometry. As exemplified by the mesoporous ZSM-5 in
this study, the prime aim of hierarchical zeolites is coupling in a single material the
catalytic features of micropores and the improved access and transport consequence of
additional pores of larger size. However, the connectivity between the various levels of
pores is essential to take full advantage of the benefits of hierarchy in catalyzed reactions.
Thus, introducing mesopores in zeolites could be unsuccessful for selective catalytic
application of bulky molecules if not properly located in the crystal as might have been the
case with HZSM-5 nanosponges. A closer look at produced hierarchical zeolites should be

taken into consideration aiming not only at extensively generating large pores, but
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principally at locating them in harmony with the micropores. This is captured well by the
quote by the French architect Robert Le Ricolais, which can be adapted to this topic as “the

art of making hierarchical materials is where to put the pore”.

7.2.2 Factors affecting biodiesel yield variation between linoleic acid esterification

and WFOs transesterification

For both linoleic acid esterification and waste frying oil transesterification, HZSM-5
nanosheets showed the best catalytic performance in comparison to the other tested
zeolites. However, the maximum yields found for both reactions were very different. A
maximum methyl ester yield of 95.12 % was reached for the esterification of linoleic acid
using HZSM-5 nanosheets at 4 h reaction time, 10 wt% catalyst loading, 6:1 methanol to
linoleic acid molar ratio and 180 °C, whereas, at the same reaction conditions except for the
methanol to WFO ratio of 12:1, a maximal yield of FAMEs of 48.29% was achieved. In
addition to FFAs and triglycerides, WFOs contain impurities and are subject to
autoxidation giving rise to supplementary compounds like peroxides. Selectivity of the acid
catalyst towards all molecules present in the waste oil should be investigated. Peroxides
and other compounds present in oil could compete with triglycerides and FFAs molecules
for directly accessing the mesopores of the hierarchical zeolite from the outer surface of the
zeolite crystal and be transported to the intrinsic active sites, hindering and possibly

obstructing thus the conversion of the desired reactants to FAME:s.
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7.2.3 Quantification of enhanced acid site accessibility in hierarchical zeolites

Brensted and Lewis acid sites can coexist on the surface of the zeolite, in the
openings of the mesopores and inside the microporous lattice (Derouane et al., 2013). It is
relevant to identify the location of the acid sites and distinguish between Breonsted and
Lewis sites in the different pore levels of the hierarchical zeolite. Although generally
difficult, it is often possible to distinguish between acid sites that are located inside the
zeolite pores micropores and acid sites that reside at the mesopores openings and on the
outer surface, by using suitably large probe base molecules. In this study, pyridine
molecules were used for the qualitative and quantitative analysis of the acid sites by FTIR
spectroscopy. Pyridine can access the zeolites’ micropores, mesopores and external surface
and react with the corresponding acid sites either ionically (on Brensted sites) or covalently
(on Lewis sites) which is lacking in more valuable information. A probe molecule like
collidine, which is too bulky to diffuse into the HZSM-5 micropores, can be used to
exclusively study the mesopore formation and accessibility to active sites. The approach of
using molecular probes of different sizes can thus provide valuable information regarding

the location and the strength of active sites in hierarchical zeolite.
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APPENDIX

APPENDIX A

Table A. Physical and chemical properties of feedstock oils

Type of Species Acid Value Viscosity (at Fatty Acid Composition
Oil (mg KOH/g) 40°C)
Edible Oil Soybean 0.2 32.9 C16:0, C18:1, C18:2
Rapeseed 2.92 35.1 C16:0, C18:0, C18:1, C18:2
Sunflower 32.6 C16:0, C18:0, C18:1, C18:2
Palm 0.1 39.6 Cl16:0, C18:0, C18:1, C18:2
Peanut 3 22.7 Cl16:0, C18:0, Cl18:1, Cl18:2,
C20:0, C22:0
Canola 0.4 38.2 Cl6:0, C18:0,C18:1, C18:2, C18:3
Non- Jatropha Curcas 28 29.4 C16:0, Cl16:1, C18:0, C18:1, C18:2
Edible Oil p,n0amina pinnata 5.06 27.8 C16:0, C18:0, C18:1, C18:2, C18:3
Nile Tilapia 2.81 32.1 C16:0, C18:1, C20:5, C22:6, Other
acids
Others WFOs* 2.5 44.7 Depends on fresh cooking oil

*WFOs: waste frying oils.
Adapted from (Barnwal and Sharma 2005; Thanh et al. 2012; Venkatesh Kamath, Regupathi, and Saidutta 2011)
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APPENDIX B

Table B. Properties of biodiesel produced from oil feedstock and petroleum diesel fuel

Diesel type Biodiesel Petroleum
diesel
Property ASTM D6751-12 EN 14214:2012
Test Standard Test Standard  Standard value
value value
Flash point, min D93 >130 EN ISO >101 67-85
°O) 2719
Water, max D2709 <300 EN ISO <500 200-500
(mg/kg) 12937
Kinematic viscosity D445 1.9-6.0 EN ISO 3.5-5.0 1.9-4.1
(mm?/s) 3104
Density (kg/m®) 860-900 ENISO 860-900 750-840
3675
Ester content (%) D6751 97.5 EN 14103 96.50% -
Sulfated Ash, max D5453 0.02% ISO 3987 0.02%
(Mass)
Sulfur, max (%) D130 0.05 EN ISO 0.05 0.35-0.55
20846
Copper strip D613 No 3 EN ISO class 1
corrosion, max 2160
Cetane number, >47 EN ISO >51 40-46
min 5165

Adapted from (Azcan and Yilmaz 2013; V. Singh, Bux,

and Sharma 2016; Thoai et al.

2017)






APPENDIX C

Table C. Advantages and disadvantages associated with the catalyst transesterification process

Advantages

Disadvantages

References

Single -Step
Transesterificati
on

Homogeneous
Base Catalyst

Homogeneous
Acid Catalyst

Heterogeneous
Catalyst

Enzymatic
catalyst

* Fast reaction rate

* High FAMEs yield

* Low reaction temperature and
pressure required

* No soap formation
* Insensitive nature to FFAs content

* High reaction rate and conversion
yield

* Catalyst can be easily separated
from the product and regenerated
*Operational stability of the catalyst
up to 4-5 cycles

*Potentially cheaper
*Environmentally friendly

* High operational stability

* Higher yield of byproduct with high
FFA level

* Reduces complication of
downstream process

*Possibility of reuse

* Sensitive to FFAs (> 2%) and water content
* Soap Formation

* High purification cost

* Large energy consumption for biodiesel
refining

* High Alcohol to oil molar ratio
*Slow reaction rate

* Corrosive action to engines

* High Purification cost

* High Cost associated with Solid Catalyst
production

* High temperature and pressure conditions
required during process

Ayhan Demirbas, 2009;
Dias, Alvim-Ferraz, &
Almeida, 2008; Leung,
Wu, & Leung, 2010

Atadashi, Aroua, Abdul
Aziz, & Sulaiman,
2013; J.-Y. Park, Wang,
Kim, & Lee, 2010;
Vieira et al., 2017

Kaur & Ali, 2015;
Nomanbhay, S., & Ong,
2017; Ruhul et al.,
2015; Verma &
Sharma, 2016

* High cost

* Slow reaction rate

* Enzyme culture handling

* Chances of cross contamination
*Denaturation of enzymes at high
temperatures

Arumugam &
Ponnusami, 2014;
Cervero, Coca, &
Luque, 2008; Fukuda,
Kondo, & Noda, 2001

Two-Step Transesterification

* High FAME yield
» Commercially Applicable

* Cost intensive process

Atadashi et al., 2013;
Nomanbhay, S., & Ong,
2017
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Figure C. General scheme of different types of catalysts used in biodiesel production




APPENDIX D

Table D. Summary of studies that used zeolitic catalysts for biodiesel production

Nan/NaX*

Catalyst Oil Type | Catalyst | Temperature | Alcohol:Oil | Reaction Method Yield Reference

Type Loading Ratio Time Article
Alkaline | Synthetic | Alkali Jatropha 10g 65 °C 11ml 5.5h Reflux at 600 rpm | 57% Otieno et al.,

Natural Curcas 1/1, 2/1, 2018

Zeolite Oil 172

Na-

NZK>Cu-

NZK>Pb-

NZK

Magnetic Carola 9.03 65 °C 12.3:1 3.26h 100 ml 93.65% Rezayan and

zeolites Oil wt.% 2-neck flask reflux Taghizadeh,

KOH/ZSM- 2018

5: Fe304

Cesium- Rapeseed | 0.5g 275.0:1 22h Reflux at 700 rpm | 70% Leclercq et al.,

exchanged Oil 2001

NaX

Faugasite

Artificial Jatropha | 2wt.% | Reflux T °C 10.0:1 4h 250 ml reflux 91.00% Xue et al.,

Zeolite Curcas 2009

loaded with Oil

potassium

acetate

KOH Palm Oil | 3 wt.% 60 °C 7.0:1 2h 500 ml 95.09% Vieira et al.,

impregnated reflux at 500rpm 2013

on Zeolite

Nax Soybean 120 °C 6.0:1 24h 0.8 ml glass 90% Suppes et al.,

Faugasite Oil 10 wt.% capillary tubes 2004

ETS-10 or

Metal Iml sealed glass

Catlysts vials

Nan/ Nax,




BEA Triolein 1/1 65 °C 15.0:1 1h 250 ml 90% Wang and
impregnated | Oil reflux at 700 rpm Chen, 2016
with NaOH
Zeolite  tylt | Synflower | 6.40 50 °C 11.5:1 2h 250 ml 96.70% Al-Jammal et
impregnated | Oil wt.% reflux at 800 rpm al., 2016
with KOH
NaY and | Jatropha 0.2g 65 °C 16.0:1 3h 50ml reflux 73.40% Supamathanon
K/NaY Seed oil etal., 2011
(12%)
NaY/KOH Palm Oil | 12 wt.% | 60 °C 15.0:1 7h Reflux at 300 rpm | 92.18% Intarapong et
(15%) al., 2011
Modernite, Sunflower | 10 wt.% | 60 °C 6.0/1 7h 500 ml reflux at 93.5% to Ramos et al.,
Beta and X + | Oil 600 rpm 95.1% 2008
Metal
Loading

Natural | LTA  from | Triolein 72 wt.% | 62.9 °C 36.6 (mass 146 min | Reflux at 600 rpm | 92.80% Thoai et al.,
Kaolin Oil ratio) 2017
impregnated
NaOH
Faujasite Oleic 70 °C 6.0:1 1.5h 500 ml batch Batch: 89% | Alismaeel et
from shale | Acid reactor with al., 2018
rock stirring Continuous:
impregnated 93%
with Co-Ni- Continuous stirring
Pt
Fly ash used | Mustard 5 wt.% 65 °C 12.0/1 7h - 84.60% Volli and
for Oil Purkait, 2015
Production
of X and A
exchanged
with
potassium
Zeolite HY | Oleic 5 wt.% 70 °C 6.0/1 1h 500 ml Rbf stirring | Commercial | Doyle et al.,
from Kaolin | Acid reflux HY: 76% 2016
with Kaolin HY:
Commercial 85%

HY




Zeolite WEFO 1wt% | 40V 7.0/1 3h Electrolysis with 93% Fereidooni
chitosan acetone (co- and
impregnated solvent) Mehrpooya,
with KOH 2017
NA-X from | Vegetable | 3 wt.% | 65°C 6.0/1 8h 100 ml Rbf 83.53% Babajide et
Fly ash Oil Reflux at 600rpm al., 2012
LTA  from | Soybean Soybean | 60 °C Soybean 2h Vial Sealed by Soybean: Dang et al.,
Kaolin Oil oil: 50- oil: 20.0/1 Teflon Cap 97% 2013
Palm Oil | 55 wt.% Palm oil: 600 rpm Palm: 95.4%
Palm 10.0/1
oil: 10
wt.%
Acid H-ZSM-5 Oleic 5wt.% 100 °C 20.0/1 4h Glass Batch H-ZSM-5: Vieira et al.,
dealuminated | Acid Reactor 35% at 1:20 | 2017
with  citric SLO/HZ:
acid and 100% at 1:45
modified
with sulfated
lanthanum
oxide
HZSM-5 WFO 5 wt.% Hydrolysis: 3.0/1 4h Hydroesterification | Hydrolysis Mowla et al.,
100 °C from WFO 2018
Esterification: to FA: 40%
77 °C
Esterification
to biodiesel:
63%
Zeolite HY WFO - 476 °C 6.0:1 21.99min | continuous tubular | 26.60% Brito et al.,
steel reactor 2007
H-ZSM-5 Oleic 10 wt.% | 100 °C H-ZSM-5: lhto 7h | Inbatch H-ZSM-5: Vieira et al.,
and Acid 20.0:1 80% 2013
SLO/ H- SLO: 10.0:1 SLO: 100%
ZSM-5
Hierarchical | Algae Oil | 2 wt.% 115°C 100.0:1 4h 0.1 L Sirred Batch | 25% Carrero et al.,
Beta autoclave 2011
Beta Soybean 1.1 60 °C 14.5:1 4h 250 ml Rbf + 48.9% Shu et al.,
La/Zeolite Oil wt.% Reflux Condenser | 500 rpm 2007




Beta

H-MFI, H- | FFA of g 60 °C 1.0:30 3h Rbf at 600rpm 80% Chung et al.,
MOR, H- | WFO 2008
BEA, H-
FAU, H-
SILICALITE
Zeolite HY WFO 0.2g 240 °C 5.0:1 20 min Reactor 82% Wt Medina-
FAME Valtierra and
Ramirez-
Ortiz, 2013

Sr ZSMS5 Sunflower | 3 wt.% 60 °C 9.0:1 180 min | 250 ml Rbf +cond | 87.70% Feyzi and
Ba ZSMS Oil 500 rpm Khajavi, 2014
yBa-xSr
(y:6% of
ZSM5  and
x:4% of Ba)
Microporous: | Oleic 0.167 78 °C 20.0:1 10h 250 ml Rbf + cond | 73.60% Sun et al.,
BEA - | Acid meq/g 600 rpm 2015
HZSM-5
Meso
Microporous:
HZRP-5
FAU using | Oleic 70 °C 6.0:1 90 min 500 ml Rbf Reflux | 78% Doyle et al.,
Shale Rock Acid 2017
H-Beta Oleic Oleic Oleic Acid: Oleic Acid: | Oleic 50 ml batch reactor | Oleic Acid: Narkhede and

Acid Acid: 60 °C 20.0:1 Acid: + stiring 82% Patel, 2014

and 3.5 Soybean Oil: | Soybean 10h Soybean Oil:

Soybean | wt.% 65 °C Oil: 4.0:1 Soybean 96%

Oil Soybean Oil: 8h

Oil: 4
wt.%

HZSM-5 Oleic 10 wt.% | 100 °C 45.0:1 4h 100 ml Batch 83% Vieira et al.,
modified Acid Reactor 2015
with  citric

acid




APPENDIX E

Table E: WFOs questionnaire for restaurants and hotels

1. Name of restaurant/hotel

2. Location of restaurant/hotel

3. Area of restaurant/hotel

4. Number of seats

5. Number of servings per day

6. Type of food served

7. Type of oil used (sunflower, canola,
Corn, peanut...)

8. Quantity of vegetable oil used per week

9. Cost of vegetable oil used per week

10. How long do you use the oil before
disposing of it?

11. In what form do you dispose of the used
oil?

12. What is the quantity of waste oil
generated before disposal?

13. What companies is the oil used sold to?

14. If it is sold, for how much are 20L (a
typical container) sold?

15. Are you familiar with used oil recycling
techniques?

16. Do you know what biodiesel is?

17. Would you be interested in being part
of a biodiesel supply chain?

18. Could you supply us a simple quantity
of used 0il?
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APPENDIX F
Table F: Yields of produced methyl esters and residual linoleic acid using MC-HZSM-5, NC-HZSM-5, NSh-HZSM-5 and NS-
HZSM-5 zeolite catalysts

MC-HZSM-5 NC-HZSM-5 NSh-HZSM-5 NS-HZSM-5
Temperature (11C) Average (%) SD Average (%) SD Average (%) SD Average (%) SD
60 Methyl esters 34.40 1.45 32.25 3.02 36.12 2.83 15.60 3.60
Linoleic acid 64.48 1.83 61.56 4.62 63.51 9.46 68.38 5.83
140 Methyl esters 30.93 5.34 31.25 0.66 50.48 0.78 31.16 4.10
Linoleic acid 60.33 4.58 61.97 2.55 55.97 13.69 41.72 1.52
130 Methyl esters 45.76 4.85 51.31 5.33 76.58 3.47 68.60 4.24
Linoleic acid 47.74 4.55 57.50 10.87 52.23 23.75 23.67 1.42
Methanol to LA
ratio
6101 Methyl esters 76.62 1.37 46.68 6.58 90.76 1.17 86.40 2.16
Linoleic acid 14.98 8.17 46.22 8.88 10.44 0.23 5.00 4.16
12to1 Methyl esters 45.76 4.85 51.31 5.33 76.58 3.47 68.60 4.24
Linoleic acid 47.74 4.55 62.39 6.83 23.67 1.42 12.95 5.61
2510 1 Methyl esters 27.85 7.83 34.50 7.01 72.01 5.77 53.62 10.51
Linoleic acid 68.70 10.98 59.95 4.66 19.16 7.17 56.18 6.71
Reaction time (h)
1 Methyl esters 18.38 0.85
Linoleic acid 74.02 3.75
) Methyl esters 36.26 1.95
Linoleic acid 52.84 4.55
4 Methyl esters 93.87 1.25
Linoleic acid 6.83 2.85
6 Methyl esters 90.76 1.17

Linoleic acid 5.34 1.77



16

24

Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid

81.01
18.54
23.53
73.62
23.78
67.02

1.21
3.26
0.02
3.73
0.78
1.32



APPENDIX G

Table G: Yields of produced FAMEs and residual triglycerides and FFAs using MC-HZSM-5, NC-HZSM-5, NSh-
HZSM-5 and NS-HZSM-5 zeolite catalysts

Catalyst loading (wt%)

1.5

10

Methanol to LA ratio

6to1

12to 1

25to 1

Temperature (°C)

60

FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs

FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs

FAMEs
Triglycerides
FFAs

MC-HZSM-5
Avergae (%) SD

6.73 1.72
55.17 5.02
1.83 0.02
14.97 3.10
56.78 3.35
1.18 1.05
15.60 0.57
52.55 1.78
2.12 1.05
15.04 1.52
34.06 17.72
1.71 0.63
15.60 0.57
52.55 1.78
2.12 1.05
7.29 0.72
64.96 0.23
1.91 0.28

NC-HZSM-5
Avergae (%) SD

8.00 2.25
53.80 11.47
291 0.45
15.34 2.66
50.26 2.36
1.04 0.22
17.29 0.14
51.11 3.06
4.86 0.79
15.19 0.77
44.36 6.42
1.07 0.83
17.29 0.14
51.11 3.06
4.86 0.79
11.84 0.69
52.41 1.74
2.11 0.34

NSh-HZSM-5

Avergae (%)
19.90
38.10
2.66
24.62
37.63
1.81
26.84
46.76
1.54

20.53
50.37
4.17
26.84
46.76
1.54
13.70
55.45
1.50

14.77
58.68
1.63

SD
0.31
5.41
0.31
0.42
3.23
0.65
1.59
3.29
0.29

1.59
0.89
2.79
1.59
3.29
0.29
3.49
2.44
0.81

1.31
3.16
0.49

NS-HZSM-5

Avergae (%)
12.18
38.87
1.23
16.94
50.06
297
19.43
41.12
1.26

14.26
47.49
231
19.43
41.12
1.26
13.38
61.87
1.37

SD
2.57
1.32
0.75
1.29
4.49
0.64
0.18
2.17
0.08

0.96
1.19
0.36
0.18
2.17
0.08
3.53
2.58
0.08



140

180

Reaction time (h)

16

24

FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs

FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs
FAMEs
Triglycerides
FFAs

26.84
45.26
1.71
43.58
38.99
1.02

6.65
61.65
1.25
13.68
55.57
2.22
46.11
31.64
2.84
43.58
26.02
3.32
43.36
32.54
1.64
31.21
37.64
1.39
34.11
30.54
1.49

1.59
2.39
0.24
443
5.64
0.26

2.05
0.95
0.25
2.74
2.69
0.44
2.19
0.36
0.84
4.43
2.73
0.57
3.50
1.10
0.40
3.58
5.77
1.08
0.69
6.14
0.19



APPENDIX H

Table H: Yields of produced methyl esters and residual linoleic acid using HZSM-5 (45),

HZSM-5 (25) and HZSM-5 (11.5) zeolite catalysts

Temperature (°C)

60
140

180

Methanol to LA ratio

6to1l
12to 1

25to 1

Reaction time (h)

1

16

24

Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid

Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid

Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid
Methyl esters
Linoleic acid

HZSM-5 (45)
Average (%) SD
34.40 1.45
64.48 1.83
30.93 5.34
60.33 4.58
45.76 4.85
47.74 4.55
78.62 0.63
14.98 8.17
45.76 4.85
47.74 4.55
27.85 7.83
68.70 10.98
11.42 0.45
74.02 3.75
20.36 0.79
52.84 4.55
78.72 1.06
6.83 2.85
78.62 0.63
5.34 1.77
73.15 3.42
18.54 3.26
16.72 0.12
73.62 3.73
13.29 1.05
67.02 1.32

HZSM-5 (25)
Average (%) SD
29.36 1.09
66.79 2.64
27.96 0.46
68.14 1.96
43.73 4.43
59.57 433
61.56 2.30
29.19 0.75
43.73 4.43
59.57 433
31.18 0.14
65.17 9.11
6.31 0.26
85.89 3.26
19.38 2.11
72.47 0.24
61.08 1.52
39.12 2.52
61.56 2.30
29.04 5.30
60.42 2.95
30.03 1.00
12.44 0.82
77.86 7.08
11.30 0.78
81.40 3.78

HZSM-5 (11.5)

Average (%)
15.93
74.07
20.18
73.12
27.96
73.59

46.66
54.44
27.96
73.59
20.58
80.72

12.71
81.24
29.23
67.57
42.92
46.28
46.66
43.14
45.48
41.57
13.39
92.86
9.45
85.45

SD
0.33
0.03
1.14
4.84
223
2.52

1.99
3.89
223
2.52
0.95
5.45

0.63
1.02
1.03
0.43
235
2.65
1.99
2.59
1.49
3.14
0.11
4.64
2.54
5.46



