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hydrothermal carbonization, followed by sulfonation presenting sulfonic acid group
as an active site. The catalyst characterization results confirmed good microwave-
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methanol experiments were optimized by using response surface methodology
based on central composite design. Three variables: molar ratio of methanol to OA
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studied. The results indicated that molar ratio of methanol to OA was the most
influential factor on OA conversion and followed by catalyst loading. While, the
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CHAPTER |
INTRODUCTION

1.1 Motivation

Owing increasing global environment concerns, biodiesel or fatty acid methyl
ester (FAME) being biodegradable fuel produced from renewable raw materials such
as vegetable oils and animal fats, is one of the most promising alternative energies
that have received much attention worldwide a current promising. It has good
combustion, low toxicity and compatible with conventional diesel (Ye et al., 2016;
Jiang et al., 2013; Hashemzehi et al., 2017). Considering the economic issue of
biodiesel production process, raw materials and catalysts are two main contributing
factors to the overall cost of biodiesel (Chuah et al., 2017; Mardhiah et al., 2017;
Trombettoni et al., 2018). With this regard, low-cost feedstocks, such as oils high in
free fatty acids (FFAs), are more cost effective raw materials for commercial
biodiesel production through esterification reaction. While homogeneous acid
catalysts (H,SO,4, H3PO4 and HCI) are commonly used to catalyze this reaction,
environmental concerns and problems with equipment corrosion have led to

development of new green catalysts (Zhang et al., 2016).

Carbon-based catalysts have been gaining attention owing to their high acid
density and thermal stability, the use of low-cost carbon sources as raw material, as
well as the simple synthesis route. The major drawback of this catalyst is on the
preparation as the conventional pyrolysis/carbonization method involves working on
high temperature (400-800°C). The hydrothermally synthesized carbonaceous
materials, called hydrothermal carbon (HTC), reported by Titirici, et al. (2008), from
which the preparation process takes place in water at lower temperatures (150-
250°C), is an interesting carbon material. Besides, the HTC can be functionalized
with a specific active site for a particular reaction, namely sulfonic acid, phosphate,
polycyclic aromatic, polyethyleneimine, imidazole, and so on (Fraile et al., 2012; Fan
et al., 2013; Egres et al., 2019; Atta-Obeng et al., 2018; Demir-Caken et al., 2010).
Zhang et al. (2016) observed a good reusability with the high catalytic performance
toward the esterification of sulfonated carbon-based solid acid microspheric material
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prepared by hydrothermal method after 6 uses. However, slow rate reactions are
reported in heterogeneous catalytic reactions. Accordingly, a rapid heating on a
molecular basis is interesting as a heat directly to the selective materials and to

accelerate the reaction rate as mentioned above.

Microwave (MW) heating is the alternative heating source which provides
internal heating on a molecular basis of the selective materials. Previously, MW has
been widely applied in several chemical reactions. Since heat is directly to the
selective materials with advantages of rapid and uniform heating, short reaction time
and energy savings (Menéndez et al., 2010; Mazo et al., 2012; Motasemi & Ani,
2012; Ma et. Al., 2016; Prommuak et al., 2016; Hashemzehi et al., 2017). Within the
MW field, MW absorbing materials orient and align themselves according to the
direction of the electric field with the same frequency with the MW (i.e. at MW
frequency of 2.45 GHz, the molecule alternate the direction 2.45 billion times per
second). As a result, heat is generated from the loss of energy through molecules
friction. The direct heating of the materials on a molecular basis leads to rapid heat.
The ability of materials to be heated under MW is determined by the dielectric loss
tangent, tan §, which is defined as the dielectric constant (¢'"), which determines the
conversion of electrical energy into heat divided by the dielectric loss factor (&'),
which describes the capability of the materials for energy storage in the electric field.
The different carbonaceous materials such as activated carbon, charcoal and carbon
nanotube were found to be a good MW absorber with the range of 0.11-0.80 dielectric
loss tangent at 2.45 GHz and 298 K compare to the loss tangent of distilled water
(0.118) at the same condition (Menéndez et al., 2010). Therefore, under MW heating,
the carbon materials play double roles of catalyst and MW absorber contributing to

heterogeneous catalytic reactions.

Regarding to a reversible reaction of esterification, either ways for shifting the
position of equilibrium to the right side according to Le Chatelier’s principle are
adding an excess reactant or/and removing one of the product. An excess alcohol
(methanol is most wildly used) is usually used in order to achieved higher conversion
efficiency in the reaction. Moreover, the addition of hexane in the proposed process

will further drive higher yields since the product could be immediately removed from
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the reaction mixtures. Besides, being non-polar, it is microwave transparent and
would not add up to the energy requirement for the reaction. Another benefit of this
non-polar characteristic of hexane is the ability to separate FAME from the reaction
mixture whereby FAME is soluble in non-polar phase. When FAME could be
separated from the reaction zone right after it is produced the yield is expected to be

higher due to the forward shift in equilibrium.

Owing to the ability of the sulfonated HTC (S-HTC) and methanol in
absorbing MW energy and dissipating it into heat (tan §=0.196 and tan § = 0.659,
respectively, at 2.45 GHz and 298 K), in this work, esterification of OA with
methanol catalyzed with S-HTC in the system with and without hexane was
investigated under microwave irradiation. Optimization of the reaction condition was
conducted using response surface methodology (RSM) with a central composite
design (CCD) to evaluate the effect of each variable and the variable interaction via
quadratic model. The statistical model was proposed and was experimentally
validated at the suggested optimum condition. Moreover, Kinetic study of OA
esterification was performed to determine the Kinetic parameters important for future
process design, including the reaction rate constants at different temperatures, the

activation energy and the pre-activation energy.

1.2 Objectives

1.2.1 To test the catalytic activity of S-HTC on esterification of OA and
methanol under microwave irradiation.

1.2.2 To evaluate the effect of hexane to the esterification reaction.

1.2.3 To screen parameters affecting S-HTC catalyzed esterification
conditions.

1.2.4 To optimize esterification conditions catalyzed by S-HTC under
microwave irradiation using response surface methodology (RSM) with a central
composite design (CCD).

1.2.5 To determine Kkinetic parameters of esterification promoted by S-HTC.

1.2.6 To study the reusability of S-HTC in esterification.
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1.3 Working scopes

1.3.1 Evaluating the effect of hexane to methanol amount (H/M =0, 0.5, 1,
1.5, 2 VvIv)

1.3.2 Screening the effect of parameters of molar ratio of oleic acid to
methanol (1:1, 1:5, 1:10, 1:20), reaction time (15, 30, 45, 60 min) and catalyst loading
(0,1, 2.5, 5, 10 wt%) on the esterification reaction under microwave irradiation.

1.3.3 Design of experiment of esterification using CCD at 3 levels: low,
middle and high, designated as -1, 0 and +1 respectively in17 experimental runs: 8
factorial points, 6 axial points and 3 replicates at the center point.

1.3.4 Determine kinetic parameters in the temperature range of 70-100°C
under the optimized condition for 0, 15, 30, 45 and 60 min.

1.3.5 Evaluate the performance of recycling S-HTC in esterification.

1.4 Expected benefits

1.4.1 Successfully conducted carbon-based acid catalyst by using green and
environmental friendly method on esterification reaction for biodiesel production.
1.4.2 Prediction and optimization OAME conversion via RSM based on CCD.
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CHAPTER I
BACKGROUND AND LITERATURE REVIEWS

2.1 Biodiesel

Renewable energies have received much attention, owing to high price of
petroleum and global environment concerns. Biodiesel or fatty acid methyl ester
(FAME) is a current promising biodegradable fuel, which can be produced using
renewable sources as raw materials e.g. vegetable oils and animal fats. It has good
combustion, low toxicity and compatible with conventional diesel (Liu et al., 2013;
Jiang et al., 2013). Considering the economic issue of biodiesel production process,
raw materials and catalysts are two main contributing factors that increase the overall
cost of biodiesel production (Chuah et al., 2017; Mardhiah et al., 2017; Trombettoni
etal., 2018).

2.1.1 The production of biodiesel

There are four methods for biodiesel production: direct use, microemulsions,
thermal cracking and transesterification. Direct use of vegetable oil (20%) and
blending with diesel fuel (80%) was successful at the beginning in 1980 and carried
out using up to 50/50 ratio. But, it is not applicable to most of actual engines due to
high viscosity and low flash point (Harwood, et. al., 1984; Ma et al., 1999).
Microemulsion is an approach method for reducing viscosity by microemulsification
with short chain alcohol. The pseudo ternary phase equilibrium was used to identify
the suitable formulation of single phase of mixture as shown in Figure 2.1. However,
low heating values and low cetane numbers are the main problem leading to

incomplete combustion.
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Surfactant + co-surfactant (%)

Oil (%) ™% 0 Ethanol (%)

Figure 2.1 Microemulsion biofuel phase diagram (Ekkpowpan P. et al., 2014).

Thermal cracking (pyrolysis) is a decomposition of complex structure of
hydrocarbons into smaller molecules at high temperature (550-850°C) with or without
catalyst. High temperature leads to high yield of light hydrocarbons as shown in Table
2.1 (Billaud et al., 1995) and also leads to be supported by suitable equipment which

IS expensive.

Table 2.1 Selectivity of cracking products as a function of pyrolysis temperature

Selectivity (molar % of carbon atoms cracked)

550°C 600°C 650°C 700°C 750°C 800°C 850°C
C,—Cq cut 10.0 18.6 28.2 38.7 351 45.1 66.1
C;—Cs cut 36.0 19.6 17.6 13.2 17.5 12.6 3.6
Cyy—Cy4 cut 3.0 35 35 2.7 1.7 1.0 0.3
C5-Cj3 cut 0.9 0.7 03 1.1 03 0.2 0.3
Aromatics 5.2 2.0 27 39 7.2 11.6 8.9
C3.1—Cs.1 esters 8.5 16.6 10.3 7.2 5.9 4.1 0.9
Co,1—Cis1 esters 23 3.2 34 23 0.9 0.5 0.3
Saturated esters 2.0 1.2 1.6 24 37 31 2.6
co 0.5 1.2 13 23 2.7 3.8 5.3
CO, 0.3 0.6 0.6 1.1 1.5 1.6 2.1
Coke 6.1 38 4.2 4.7 22 31 4.5
Other products 25.2 29.0 253 204 21.3 133 5.1

Selectivity (molar % of hydrogen atoms cracked)
H; 0.3 0.9 1.7 2.7 36 4.6 5.9

The most common method for biodiesel production is trans-esterification (also
known as alcoholysis). The triglycerides and alcohols are the requirement reactants
for this reaction. The overall reaction is shown in Figure 2.2. R; R, and R3 of the

triglycerides are long chain hydrocarbon constituting fatty acids which maybe the
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same or different. The three stepwise reactions of triglyceride are converted to
diglyceride and monoglyceride intermediate respectively, and finally to glycerol
(Rubi R. et al., 2012).

0 (|)|
ncho—ﬂ—R, R—O0—C—R, H,C—OH

(0] O
‘ H Catalyst H

HC—O0—C—R, + 3ROH —=——= R—O0—-C—R, + HC—OH
: 0

H,C—O0—C—R; R—0—=C—R; H,C—OH
Triglyceride Alcohol Esters Glycerol
Iststep: TG + R-OH === DG + R;-COO-R’
2Mstep: DG+ R’-OH =<—— MG + R,-COO-R’
3dstep: MG + R-OH === G + R;-COO-R’

Figure 2.2 Transesterification of triglyceride

Methanol is the preferable alcohol in this reaction owing to the small alkyl
group and easy attachment exchanging of ester compound. The reaction is reversible
but the back reaction is negligible because an excess of alcohol is usually employed to
force reaction towards the right side (Meher et al., 2006). The stoichiometry of
reaction is a 3:1 molar ratio of alcohol to oil, to produce 3 mol of biodiesel and 1 mol
of glycerol. Though, in practice it is usually increased from 6:1 to 1000:1 to favor the
formation of products and increase its performance. The transesterification is favored
to catalyze using homogeneous and heterogeneous alkaline catalysts such as NaOH,
KOH, CaO, Calcium ethoxide, KOH/NaX Zeolie (Leung et al., 2006; Rashid et al.,
2008; Nui et al., 2014; Xie et al., 2017]. Unfortunately, the alkaline catalyst is not
appropriate for high free fatty acid (FFASs) due to soap formation. If FFA exist in the
feedstock, acid catalyst is used to catalyze carboxylic acid and alcohol to produce
ester form. The reaction is called esterification which is the subset of trans-

esterification. The reaction is shown in Figure 2.3.
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ﬂ acid 1
H—0—C—R, *+ CH;OH H;c—0—C—R; +  Hz0
Free fatty acid Methanol Ester Water

Figure 2.3 Esterification of free fatty acid

2.1.2 Catalysts for biodiesel production

The catalytic for biodiesel production can be classified as non-catalytic, bio-
catalytic and chemical catalytic. Non-catalytic as known as supercritical alcohol
operates at temperature and pressure in excess of its critical point to exhibit unusual
properties. First, the polarity of alcohol decreases with increasing temperature to
hydrophobic nature in supercritical state. A single fluid phase is formed without mass
transfer limitation between phases of reactants. Second, a hydroxyl group from
primary alcohol takes on the properties of super-acids so the reaction can be produced
FAME without catalyst. However, the requirement of high temperature (230-450°C),
high pressure (19-60 MPa) and large amount of methanol (40-45:1 molar ratio of
methanol to oil) are limited for industrial scale (Saka et al., 2001). While bio-catalytic
or enzymatic production of biodiesel can be carried out at mild temperature and
atmospheric pressure. Moreover, it is not sensitive to FFA and water content in
feedstock (Zullaikah et al., 2005). Enzyme catalyst is a clean biofuel production with
low environmental impact due to no byproduct generation. But, the main problem of
this method concerns with enzyme stability, recovery and the high cost of

immobilization enzyme.

Conventionally, biodiesel is produced using chemical catalysts (acidic and
basic). Catalysts can be classified as homogeneous and heterogeneous catalysts.
Homogeneous catalyst is in the same phase as the reaction mixture, whereas
heterogeneous catalyst is in a different phase of reactant(s). Unfortunately, the
homogeneous catalysts suffer from many drawbacks including corrosive, harmful and
waste treatment after washing process (Liu. et al.,, 2013; Zhang et al., 2012).
Therefore, heterogeneous catalyst has been gaining attention for replacement
conventional homogeneous catalyst due to ease of separation and reusable.

Heterogeneous acid and basic catalysts used in biodiesel production are shown in
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Table 2.2 and Table 2.3, respectively. In general, solid base catalysts are more active
than solid acid catalysts in transesterification reaction regarding of mild reaction
conditions and shorter reaction time. However, high FFAs and moisture content of
feedstock are necessary to consider because the alkali catalyst reacts with FFAS to
form soap and water also hydrolyzes the triglycerides into diglycerides and
monoglycerides which is more FFAs. Free fatty acids esterification reaction is an
alternative process to transesterification when low-cost feedstocks with high FFAs are
used. Although esterification reaction is reversible reaction, the equilibrium can be
shifted to produce more FAME either by adding an excess a reactant (usually
methanol) or by removing one of the product. For batch system, the non-polar solvent
(hexane) is used to separate FAME from the reaction mixture whereby FAME is
soluble in non-polar phase. When FAME could be separated from the reaction zone
right after it is produced the yield is expected to be higher due to the forward shift in
equilibrium. Moreover, acid catalysts are used to overcome the slow reaction rate of
esterification. There are many acid solids catalyzed esterification such as metal
(zirconium, titanium, tin oxide, tungsten) oxide, sulfonic ion exchange resin, sulfonic
modified mesostructure silica and heteropolyacids (HPAs) (Lam et a., 2010).
Generally, high reaction temperatures are required to carry out FAME through
esterification reaction as shown in Table 2.4. The commercial acid catalyst,
Amberlyst, not only has a limitation of using at high temperature (<110 °C) due to

their stability of resin but also expensive for industrial process.

Recently, carbon-based catalyst has been gaining attention caused by low-cost
carbon sources as well as simple synthesis route to get high acid density and thermal
stability. The preparation process of carbonaceous materials for synthesizing carbon-
based catalysts are dehydration and carbonization, which can be achieved
conventionally by incomplete carbonization/pyrolysis (400-800 °C). Then
carbonaceous materials can be functionalized with a specific active site for a
particular reaction, namely sulfonic acid, phosphate, polycyclic aromatic,
polyethyleneimine, imidazole, and so on (Fraile et al., 2012; Fan et al.; 2013, Egres et
al.; 2019, Atta-Obeng et al.; 2018, Demir-Caken et al., 2010) as shown in Figure 2.4.
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Active sites
Carbonised Material (AC) *
y Y
H,0 8.5 8 6"8
I . g . T

Carbon Material —Lﬁ Pyrolysed Carbon ——— Cabonsied Material —————

Pyrolysis Carbonisation Sulfonation  SO;H-Carbon(Catalyst)

Figure 2.4 Conventional preparation of carbon-based acid catalyst.

Table 2.4 Solid acid catalysts for esterification

Catalysts Feedstock Reaction temperature (°C) Ref
Sovbean oil + oleic acid 80 Park et al, 2010
Amberlvst Cooking sunflower oil + acid 100 Son etal., 2011
oleic
Ionic exchange Soybean oil + oleic acid 100 Tesser etal., 2010
resin
S04 2~ /2102 Rapeseed oil + miristic acid 120-170 Rattanaphra et al.,
2011
W03 /ZrO2 Waste acid oil 150 Park et al, 2010
Kaolins Oleic acid 160 Nascimento et al.,
2009
Raw hallovsite Lauric acid 160 Zattaetal., 2011
Zn0/Zx02 Brown grease 200 Kimeta., 2011

However, a greener hydrothermal carbonization process has been found by a
byproduct of sugar dehydration in hot compressed water (150-250°C). Titirici et al.,
(2008) used to synthesize carbonaceous materials. In this process, carbonization takes
place in water at lower operating temperatures (150-250 °C) under self-generated
pressure, thus, drying of the carbon raw materials is not necessary (Titirici et al.,
2012). Hydrothermal carbonization is an exothermal process that lowers both the
oxygen and hydrogen content of the feed (described by the molecular O/C and H/C
ratio) by mainly dehydration and decarboxylation. Many chemical reactions might
appear during hydrothermal carbonization have been mentioned throughout the
literature such as hydrolysis, dehydration, decarboxylation, condensation
polymerization and aromatization. They do not represent consecutive reaction steps
but rather form a parallel network of different reaction paths. It is understood that the
detailed nature of these mechanisms, as well as their relative significance during the

course of reaction, primarily depends on the type of feed (Titirici et al., 2015).
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Initially, the formation mechanism of hydrothermal carbon (HTC) was studied
employing simple carbohydrates as model system (Titirici et al., 2012). The typical
morphologies of hydrothermal carbonization of various mono- and disaccharides and
their decomposition product were shown in Figure 2.6. As seen from this figure, very
similar morphologies were observed for hexose derived carbon such as glucose and
fructose as well as for their composition product HMF (Figure 2.5 a, b, c).
Hydrothermal treatment of pentose (e.g. xylose, Figure 2.5 d) as well as of its
decomposition product, furfural, while hydrothermal treatment of sucrose, which is a
disaccharide consisting of glucose and fructose units, resulted in HTC spheres of

various size.

s B 4 Ok ! b oV J)
Figure 2.5 SEM micrographs of hydrothermal carbon materials obtained at 180°C
from (a) glucose; (b) fructose; (c) hydroxymethylfurfural (HMF); (d) xylose; (e)

furfural; (f) Sucrose

Employing the *C NMR complemented by GC-MS, Titrici (2008) studied the
formation mechanism and a final structure of HTC derived from glucose. In their
study, HTC was proposed to form upon the dehydration of hexose (glucose and
fructose) to hydroxymethylfurfural (HMF) and of pentose to furfural. Once these
furans are formed, they then undergo a very complex chemical cascade involving a
simultaneous combination of ring-opening reactions to create diketones that can
further undergo aldol type condensations with the furan ring, while Diels-Alder
reaction may lead to more aromatic features, with concurrent polycondensation
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reactions (Figure 2.6). Upon the “polymerization” of HMF or furfural, nucleation

takes place followed by growth of the particles upon further incorporation of HMF

derived monomers, leading to spherically shaped particles.

glucose
OH HMF
HO 0 ’ / =0
N OH 3H,0 HO %

OH
- “e"" polymerisation
'5&0 faromatisation
¢

~4__ Connecting
Functions
. o Aromatic units

Figure 2.6 Conversion of cellolose into hydrothermal carbon: (A) via HMF resulting

in a furan-rich aromatic network; (B) direct aromatization (Baccile et al., 2009).

Moreover, HTC can be activated by increasing the active site of
specific functional groups for a particular reaction. The attaching acid functional
groups to the hydrothermal carbon using concentrated sulfuric acid, and the resulting
material is called sulfonated hydrothermal carbon (sulfonated HTC). Moreover,
sulfonated carbons were found from different carbon sources such as single walled
carbon nanohorns and carbon microsphere as shown in Table 2.5. These catalysts
showed high efficiency of catalytic activity in various reactions with the strong acid

of sulfonic groups in spite of the low surface area.
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2.1.3 The alternative microwave heating

Microwave (MW) irradiation is the alternative heating source which is internal
heating on a molecular basis. There are wildly applied in the chemical reactions over
the last decade with advantages of an ease of operation, energy transfer instead of heat
transfer, heat directly to the selective materials, rapid heat, uniform heating with
minimal thermal gradients, short reaction time and energy savings (J.A. Menendez
et.al., 2010, Paula M. et al., Wei L. et a., 2013, Lingling M. et. Al., 2016).

MW is electromagnetic energy and belong to the portion of electromagnetic
spectrum between 300 and MHz and 300 GHz; a region lies between infrared and
radio frequencies as shown in Figure 2.6. MW heating generates rapid superheating
due to two main mechanisms of dipolar polarization and ionic conduction. The
orientation of dipoles occurs as polar molecules rotates to realign themselves with the
rapidly oscillating electric field of the MW(Kostas et al., 2017; Martinez-Guerra et
al., 2014; Maso et al.) The reorientation of the molecules results energy loss in the
form of thermal energy regarding molecular friction and dielecric loss (Kappe et al.,
2012). The unique MW heating is illustrated in Figure 2.7 compared to conventional
heating, where MW penetrates the material resulting internal heating and thermal

energy is then uniformly dissipated throughout the material.

However, MW heating is based dielectric heating, not all materials can be
heated under MW irradiation. Generally, materials divided 3 categories as

(1) MW transparent/insulator: MW pass through the material without any
losses e.g. Teflon, glass, quartz and ceramics.

(2) MW conduction: MW is reflected by the materials e.g. metals.

(3) MW absorbing: MW penetrates, absorbed and converted into heat e.g.

polar molecules.
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THE ELECTROMAGNETIC SPECTRUM
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Figure 2.6 The electromagnetic spectrum as a function of frequency
(https://www.siyavula.com/read/science/grade-10/electromagnetic-radiation/11-electromagnetic-radiation-03)

The ability of materials to be heated under MW is a very good absorbent of
MW and can be easily converted MW energy into thermal energy which is defined by
dielectric loss tangent. The dielectric loss tangent (tan &) equal to the dielectric loss
factor (¢'") which relates to the dissipation of the stored electrical energy into heat
divided by the dielectric constant (&') that determines the capability of the materials
for energy storage in the electric field. In the MW field at the frequency 2.45 GHz, the
materials as the MW absorber orient and align themselves according to the direction
of the electric filed with 2.45 billion times per second and heat is generated from the
loss of energy through molecules friction. The directly heat of materials on a
molecular basis leads to rapid heat and the temperature in-core materials is higher

than bulk temperature of the system as called hot spots.


https://www.siyavula.com/read/science/grade-10/electromagnetic-radiation/11-electromagnetic-radiation-03)
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Microwave vs Conventional Heating
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Figure 2.7 The differences in temperature distribution and direction of heat transfer

between conventional and MW heating. (https://wiki.anton-paar.com/en/microwave-assisted-synthesis/)

The different carbonaceous materials such as activated carbon, graphite,

charcoal and carbon nanotube were found to be a good MW absorber (J.A. Menendez

et.al., 2010). The high capacity of carbon materials to absorb MW energy and convert

it into heat is shown in Table 2.6. Therefore, in the case of MW heating, the carbon

materials play double role of catalyst and MW absorber contributing to heterogeneous

catalytic reactions.

Table 2.6 Dielectric loss tangent of different carbon materials at a frequency of 2.45

GHz and room temperature, ca., 298 K

Carbon material tan§ =¢'"'l¢’ Ref.
Coal 0.02-0.08 Yang et al., 1987, Marland et al., 2001
Carbon foam 0.05-0.20 Wu et al., 2008, Challa et al., 1994
Charcoal 0.11-0.29 Atwater et al., 2004, Ma et al., 1997
Carbon black 0.35-0.83 Challa et al., 1994, Atwater et al., 2003
Activated carbon 0.57-0.80 Dawson et al., 2008
Carbon nanotube 0.25-1.14 Lin et al., 2008, Zhang et al., 2009

CSi nanofibres

0.58-1.00

Yao et al., 2008



https://wiki.anton-paar.com/en/microwave-assisted-synthesis/)
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Microwave accelerated esterification with different heterogeneous catalysts
were shown in Table 2.7. In general, the yield of esterification reaction under MW
irradiation showed similar results to those obtained from the conventional heating but
with very fast heating rates (Melo et al., 2009. An open system and a closed system
are used for the reaction under MW irradiation. A microwave program at constant
power can be used only with an open system. The maximum temperature can be
reached at the boiling point of the solvent, therefore a reflux cooler is needed in this
case. While the reaction control of a MW with closed pressure vessels is temperature
or pressure sensors. Maximum reaction temperature is depending on thermal stability
and pressure rating of the vessels. However, both systems are carried out the biodiesel

production due to their advantages of MW heating.
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2.2 Design of experiment

Traditionally, unknown effects or parameters are usually carried out under
controlled conditions to test a hypothesis. Then, experiment results are analyzed to
evaluate a significant impact on the process. It is monitored only one parameter
changing with constant other parameters (called one-variable-at-a-time or one-factor
optimization). It does not show the interactive effect among parameters studies which
is the major disadvantage of this method. Design of experiments (DoE) or
experimental design is a tool used in analytical optimization to overcome the problem
above. It can also be evaluated inputs effects on the process output, and can be

predicted inputs should be to achieve a desire output.

Screening Known E—
Factors Factors
!

Screening [ Ir!gi;l
____________________________ B
Characterization — Vital few

Factor effects

and interactions

Optimization Response
Surface
Methods

Figure 2.8 Design of experiment sequences (Shari Kraber, Stat-Ease, Inc.,
Minneapolis, MN)

DoE can be divided into 4 main parts: screening, characterization,
optimization and verification as shown in Figure 2.8. Screening studies is the
selection of independent factors effecting on the process. Next, factor effect and its
interaction are investigated by characterization. Response surface methodology

(RSM) is a one technique of optimization by collecting mathematical and statistical
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information based on the fit of polynomial equation to the experimental data. Lastly,
the verification is necessary to confirm validation of optimization. The advantages of
DoE are reducing design costs by minimizing process variation and decreasing

rework as well.

(a) (b)

»
> L

X1

Figure 2.9 Experimental design based on studies factors in three levels for the
optimization of (a) two factors (b) three factors and three factors experimental design
type (c) Box-Behnken design (d) Central Composite design

The fundamental experimental design relates to randomization, replication,
and factorial experimentation. Randomization is a method to eliminate potential
biases distorting the results of the experiment. While, a replicate is a complete
repetition of the same experimental conditions for increasing the precision output.
Factorial or multi-factor design is a method to understand the influent of each factor
and the combinations of factors. A full three-level factorial design (FFD) requires 3

(k is a number of studied factors) experimental runs as shown in Figure 2.9 (a,b).

In practical, smaller number of experimental points is present when the factor
number is higher than 2 such as the Box-Behnken and central composite design Box-

Behnken design (BBD) is defined by a “wire frame” with the edges inside the box
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(Figure 2.9 (c)). The number of experiment requires for BBD is 2k (k-1) and a center
point. It based on three levels as -1, 0 and +1 as shown in Table 2.4. BBD with two
factors does not exist (it is FFD with 9 points), the three factor has default on this
design. The advantage of the BBD is more economical compare to FFD due to lower
experimental runs (Table 2.8). Table 2.5 shows BBD applications in analytical
chemistry. However, its applications it still lower in comparison with CCD (Bezerra
et al., 2008).

Table 2.4 Box-Behnken experiment matrices design at three level for two factors (a)

and three factor (b)

(a) (b)

X1 X2 X1 X2 X3
-1 -1 -1 -1 0
-1 0 1 -1 0
-1 1 -1 1 0
0 -1 1 1 0
0 0 -1 0 -1
0 1 1 0 -1
1 -1 -1 0 1
1 0 1 0 1
1 1 0 -1 -1

0 1 -1

0 -1 1

0 1 1

0 0 0




Table 2.5 Applications of Box—Behnken design.
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Analytes Samples Objectives Ref.
Aliphatic Potato Optimizing the conditions for the [32] Stafiej et al.,
aldehydes crisps derivatization reaction of the analytes with 2,4- 2006

dinitrophenylhydrazine
Cadmium Drinking ptimizing an on-line pre-concentration system Souza et al.,
water [34] using knotted reactor 2005
Neuropeptides Biological Optimizing the main electrophoretic parameters  Babu et al.,
[36] involved in the analytes separation 2004
Lead Waters Optimizing a flow injection system for the on- Zougagh et
line [37] pre-concentration of these metal using  al., 2004
silica gel functionalized with
methylthiosalicylate
Sulphonamides, Food Optimizing the simultaneous separation of these  Hows et a.,
dihydrofolate products [40] substances 1997

reductase
inhibitors and
beta-lactam
antibiotics

Central composite design (CCD) was presented by Box and Wilson (also

known as Box-Wilson design). This design consists of three types of points: factorial

points, axial or star points and center points. A graphic of a three-dimensional CCD is

shown in Figure 2.10. All factors are studied in five levels as — «, -1, 0, 1, a resulting

the requirement experiment number is 2% + 2k and replicate center points (Table 2.6,

2.8). It is efficient to estimate full second-order model such as main effects, two-way

interaction and quadratic effects. Some applications of CCD are shown in Table 2.7.

Factorial or Fractional
Factorial

Central Composite
Design

+ Star Points -

Figure 2.10 Construction of CCD
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Table 2.6 Central composite experiment matrices design at three level for two factors
(a) and three factor (b)

(a) (b)
X1 X2 X1 X2 X3
Factorial -1 -1 Factorial -1 -1 -1
1 -1 1 -1 -1
-1 1 -1 1 -1
1 1 1 1 -1
Axial -a 0 -1 -1 1
(04 0 1 -1 1
0 -a -1 1 1
0 a 1 1 1
Center 0 0 Axial -a 0 0
a 0 0
0 -a 0
0 a 0
0 0 -a
0 0 a
Center 0 0 0
Table 2.7 Applications of Central composite design.
Analytes Samples Obijectives Ref.
Nickel Petroleum Developing a procedure for the Branda o et
direct determination of Niusinga al., 2006
solid sampling strategy
Mercury Gasoline Optimizing a method for direct Lo'pez etal.,
aqueous NaBH4 reduction of 2007
metal in microemulsion medium
Volatile compounds  Vinegar Optimizing the extraction and Guerrero et

Chlorobenzenes

Aluminum

Environmental water

Juices and soft drink

desorption analytical conditions of
a stir bar sorptive extraction for
these analytes

Developing a headspace single-
drop micro-extraction procedure
using room temperature ionic
liquid for determination of trace
amounts of these substances
Developing a preparation method
based on ultrasound-assisted
pseudo-digestion

al., 2006

Vidal et al.,
2007

Jalbani et al.,
2006




35

Table 2.8 The requirement number of experiments of FFD, BBD and CCD.

Design k=2 k=3 k=4 k=5
FFD 3 9 27 81 243
BBD 2k(k-1) + Center point 13 25 41
CCD Factorial points; 2 4 8 16 32

Axial or star points; 2k 4 6 8 10
Center points 5 5 6 6
Total 13 19 30 48

The response variables (output) are determined in polynomial equation
(Taylor series) once screening experiments and the important factors has been
performed to produce a prediction model, to determine curvature, to detect
interactions among factors and to optimize the process. The response variables; Y as a
function of the input variables; X as shown in Equation (1).

where

Bo = the overall mean response

B; = the main effect for factor (i=1, 2, ..., p)

pBij = the two-way interaction between the ith and jth factors

Bijx = the three-way interaction between the ith and jth, and kth factors

The X represents each factor, denoted by +1 and -1 as a code of high and low
range of control factor, respectively. Interaction between factors show the effect of
the response factor to another factor. A mathematical model relates to the response
variables with the factor effects which need to consider the following criteria to a

good fit model to the experimental data (Granato et al., 2014):

- Standard deviation of the factors and model

- Statistical significance of factors
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- Regression coefficient (R%)

- Significance of the regression

Analysis of variance (ANOVA) was employed to statistically access the
adequacy of each factor for the response. Fisher F-test in the form of F-value
indicates the fitness of the experimental model. While, the significance model in
fitting of the experimental data is within the confidence level of 95% (P-value less
than or equal 0.05). It means the smallest P-value is defined as the most significant
factor in the process. Lastly, regression coefficient (R?) evaluates the quality of model
fitting. Moreover, response surface plots are used to visualize the interactions of

factors on the responses.

Recently, RSM based on CCD has been reported in many literatures to
optimize esterification reactions in various catalysts (Trinh et al., 2018, Peng-Lim et
al., 2013, Hasni et al., 2017, Ma et al., 2015). From the literature reviews, the main
parameters affecting the reaction are reaction temperature, reaction time, molar ratio

of oil to alcohol, and catalyst loading.

2.3 Kinetic study

The main goal of chemical Kinetics is to investigate the mechanism of a
chemical reaction and to predict the rate of reaction. Moreover, the understanding of
chemical kinetics is very important to select suitable reaction system and most
efficient operation at a commercial scale. At present, heterogeneous catalysts play a
significant role in chemical process. The rate in the catalytic mechanism is necessary
to design of new and more effective of catalyst. Therefore, kinetic studies aim to
identify reaction mechanism and to study how rates are affected by the reaction
conditions and the catalyst properties (Francoise et al., 2014). In recent year, the
esterification reactions were proposed for homogeneous and heterogeneous systems
as shown in Table 2.9. The lower value of the activation energy value refers to the

efficiency of the catalyst and it is important in analyzing the reactive process to

evaluate the potential of the catalyst in industrial  application.
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CHAPTER 111
MARTERIALS AND METHODS

3.1 Materials and chemicals

The carbon precursor, D-glucose and sulfuric acid (laboratory grade, 98%)
were purchased from Fluka, Singapore. Methanol (laboratory grade, 99% purity) was
purchased from Wako, Japan. Oleic acid (OA) and n-hexane were purchased from
Sigma-Aldrich, United States. The reference methyl oleate standard and internal
standard, 2,6-Dimethylnaphthalene (DMN) were purchased from GL Science Inc.,
Japan and Sigma-Aldrich, United States, respectively.

3.2 Preparation and characterization of hydrothermal carbon-based acid
catalyst (S-HTC)

3.2.1 Hydrothermal carbon (HTC) preparation

The hydrothermal carbonization process was performed in 600 ml high
pressure reactor (Parr, USA, Figure 3.1) filled with 30 g of glucose and 300 ml of
deionized water. The reactor was then heated at 220°C for 6 hours under nitrogen
atmosphere. The resulted HTC was washed with distilled water until no pH change
was observed in the filtrate and the retentate was dried at 110°C overnight.

Figure 3.1 Parr reactor for hydrothermal carbonization
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3.2.2 Acid functionalized hydrothermal carbon preparation

A sulfonic acid groups were introduced into the HTC by heating 10 g of HTC
in 100 ml of concentrated sulfuric acid in the 3-neck round bottom flask at 150°C for
15 hours under nitrogen flow. A 1-liter flask containing activated carbon was
connected to the reaction flask to adsorb the acid vapor. The nitrogen inlet flow was
switched off when the reaction reached the desired reaction time. The set-up
experiment for acid functionalization was shown in Figure 3.2. After cooling, 1 liter
of distilled water was added to the mixture and filtered. The black solid was then
repeatedly washed with hot distilled water until no sulfate ions were detected. The S-

HTC catalysts were then dried in oven at 110°C overnight.

JANG O86-I76 70,60
“SuL FONATION
T IS0 4¢ - s hws
/800 [ 6 Oct zo6]
3 oo L # Oct 2016]

Figure 3.2 The set-up experiment for sulfonation



40

The synthesized S-HTC were confirmed the physical and chemical
characterization by elemental (C, H, N, S), BET, FTIR, TGA, XRD, SEM and acidity
analyses in comparison with HTC.

Elemental analysis

The components of catalyst before and after hydrothermal carbonization were
determined by CHNS elemental analyzer (LECO CHNS-932, VTF-900) at STREC,
Chulalongkorn University, Thailand.

BET surface area

The specific surface area of all catalysts was determined by N, physisorption
technique using a BELSORP mini-1I by BET method. Solid catalysts were analyzed
for the BET surface area using a Belsorp-max TPD pro (BEL Japan, Tokyo, Japan)
with thermal conductivity detector (Semi-diffusion type, 4-element W-Re filament) at

the National Nanotechnology Center, Thailand.
Fourier transform infrared spectroscopy (FT-IR)

Identification of functional groups was analyzed by FT-IR (Perkin-Elmer,
Spectrum One) at STREC, Chulalongkorn University, Thailand. All catalysts were

characterized the functional groups before and after acid functionalization.
Thermogravimetric analysis (TGA)

The thermal analysis is a method in which changes in physical and chemical
properties of materials are measured as a function of increasing temperature (with
constant heating rate), or as a function of time (with constant temperature and/or
constant mass loss) using Perkin Elmer, TGA 7 (Massachusette,USA) at STREC,
Chulalongkorn University, Thailand. The temperature was raised up to 1000 °C under
nitrogen, at a constant rate of 10 °C/min. The thermal decomposition of both
hydrothermal carbon-based acid catalysts and one step carbonization and acid

functional catalysts were analyzed for stability of the catalysts.



41

Scanning electron microscope (SEM)

The morphology of before and after of hydrothermal carbon-based acid
catalysts and one step carbonization and acid functional catalysts were examined by
SEM (JEOL, JSM 6400, Tokyo, Japan) at STREC, Chulalongkorn University,
Thailand.

Titration method

The total acid property of carbon-based acid catalysts was analyzed by
titration method to determine the Bregnsted acid sites on the surface of the catalysts .
Sodium hydroxide )0.01 M, 20 ml (solution was mixed with the catalyst )0.04 g(,
under constant stirring at room temperature for 2 hours .Then, the resulted filtrate was

titrated by hydrochloric acid )0.001M (after separation from the mixture.
3.3 Esterification of OA with methanol

3.3.1 Catalytic activity

Firstly, the isolation parameters of S-HTC, MW and hexane affecting the
esterification was studied compared with the conventional heating as a control
experiment. The reaction was carried in the absence of S-HTC at reaction temperature
of 100°C, reaction time of 60 min, 1:10 molar ratio of OA to methanol under MW
heating compared to conventional heating (The 8.8 ml stainless steel reactor, AKICO,
Japan (Figure 3.3)).

Reactor temperature control

Figure 3.3 Stainless steel reactor, AKICO, Japan
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To study the synergy of S-HTC and MW effect, the reactions were carried out
by adding 5 wt% S-HTC catalyst under microwave irradiation (Microwave
Accelerated Reaction System, MARS6, CEM, USA) as shown in Figure 3.4. There
are 12 microwave transparent vessels with microwave power output of 0-1200 W at a
frequency of 2.45 GHz. The temperature in the control vessel was monitored by
thermocouple and that of the other vessels by infrared sensor. When the temperature
reached to the desire temperature, the microwave power is automatically cut off to
maintain the constant temperature. When sulfonated HTC and hexane under MW
were combined, the reactions were carried out at 5 wt% S-HTC catalyst and
Hexane/Methanol = 1.8 (v/v).

Secondly, the reaction was carried out using microwave irradiation to study a
single variable study under the following conditions: reaction temperature (50,75,100
°C), reaction time (30, 45, 60 min), molar ratio of OA to methanol (1:1, 1:10, 1:25,
1:40), catalyst loading (0, 1, 2.5, 5, 10wt%) and amount of hexane to methanol ratio
(H/M=0, 0.5, 1, 1.5, 2 (v/v)).

After the reaction, the system was cooled down automatically. The reaction
products were discharged from the vessel and were allowed to settle into two phases.
The top phase consisted of OAME and unreacted methanol, while the bottom phase is
by product of water. Unreacted methanol was removed by evaporator, then OAME
was drawn for the quantitative analysis by gas chromatography (GC-FID, Shimadzu,
Japan) equipped with a flame ionization detector (FID) and a 5MS capillary column
(0.25 um x 0.25 mm x 30 m, Agilent Technologies, Inc., Japan). The helium was used
as a carrier gas. The temperatures of the injector and the detector were kept at 270°C
and 310°C, respectively. A 20 ul of OAME sample was dissolved in 180 ul of n-
hexane using DMN as an internal standard. The OA conversion was calculated using

following equation:

mol of OAME
mol of OA

% Conversion = X 100 (1)

where OAME represents the quantification by GC-FID of OAME.
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Microwave cavity

/ Pressure sensor
Fiber optic /
thermocouple

Magnetic bar

MW high pressure reactor

Figure 3.4 Microwave reactor, MARS6 (CEM) and Easy Prep: high pressure vessel

3.3.2 Optimization study

3.3.2.1 Screening parameters effect

In order to optimize condition on esterification, the screening parameters is
needed to select the independent factors effecting on the process. The influence of
three parameters namely, molar ratio of methanol to OA (1:1, 1.5, 1:10, 1:20),
reaction time (15, 30, 45, 60 min) and catalyst loading (0, 1, 2.5, 5, 10 wt%) were
studied at fixed reaction temperature of 100°C under MW irradiation. The other
parameters were fixed at the lowest condition to study the main parameter. For molar
ratio of methanol to OA at 1:1, 1:5, 1:10, and 1:20 were conducted at reaction time of
15 min and 1 wt% catalyst loading. The reaction time effect of 15, 30, 45 and 60 min
were studied at 1:1 molar ratio of methanol to OA and 1 wt% catalyst loading. Lastly,
the catalyst loading of 0, 1, 2.5, 5 and 10 wt% were evaluated at 1:1 molar ratio of

methanol to OA for 15 min.
3.3.2.2 Design of experiment, analysis and model fitting

In this work, parametric optimization of esterification condition was
conducted by using Response surface methodology (RSM) with a central composite
design (CCD) to evaluate the effect of each parameter and interaction of parameters

via quadratic model. Experimental results showed the parameter(s) significantly
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affected the OA conversion by statistical tool, the analysis of variance (ANOVA).
The suggested optimum condition was confirmed validation through the experiments

and to prove the effectiveness of the model.

The experiment of S-HTC catalyzed esterification was designed using RSM
provided by Expert Design version 10 (Stat-Ease Inc. (2016), USA). A set of
experiments was carried out at a fixed temperature (100°C) using pulsed MW to
determine the influence of three parameters, namely, molar ratio of methanol to OA
(A), reaction time (B) and catalyst loading (C) and their interactions. Using CCD at 3
levels: low, middle and high, designated as -1, 0 and +1 respectively, as shown in
Table 1, 17 experimental runs: 8 factorial points, 6 axial points and 3 replicates at the
center point, were carried out. A quadratic model using regression analysis was fitted
to the values of OA conversion using both linear and non-linear forms. The
conformity between experimental and predicted response of the model and the
significance of the operating variables were evaluated based on the analysis of

variance (ANOVA) and the regression coefficient (R?).

Table 3.1. Levels of actual and coded factors

Factors -1 0 1
Molar ratio of methanol to oil (mol) 2.5 5 7.5
Reaction time (min) 50 60 70
Catalyst loading (wt %) 1.5 2.5 35

3.3.3 Kinetics study of S-HTC catalyzed esterification

Esterification of OA with methanol, under the catalysis of S-HTC, produces
OAME and water as shown by equation (2). The rate of reaction strongly depends on
temperature, thus the operating temperature was varied out in the range of 70-100°C
under the optimized condition previously determined; methanol to OA molar ratio of
5.831:1 and 3.047 wt% catalyst loading for 0, 15, 30, 45 and 60 min.

S-HTC
Oleic acid (A) + Methanol (B) <«+— Oleic methyl ester (C) + Water (D) (2)
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A Kkinetic model was set up on the basis that the influence of the reverse
reaction was negligible, due to the excess amount of methanol used. Regarding the Le
Chatelier’s principle, changing the concentration of a chemical will shift the
equilibrium to the minimum concentration side. The reaction rate equation was

simplified to the first order pseudo-homogeneous equation.

_ _ac _
—r = dt—kCA (3)

where Ca denotes the concentration of OA and k is forward reaction rate constant.

For a constant volume system, an OA conversion; Xa is a convenient term
used in place of concentration of OA, Ca, and is expressed as in the following
equation.

Na Nao(1—Xa)
v 7 /v

Ca= = Cao(1 — X4) (4)

where Nao and Na are the initial mole amount and mole amount of OA, respectively.
Cao represents the initial concentration of OA and V is the constant volume.

Hence, equation (3) becomes

— %2 = kCao(1 - X4) (5)
The integrals of Eg. (5) was calculated from

—1In(1 — Xa) = kt (6)

Thus, the rate constant, k, can be obtained by a linear fit of equation (6). The
activation energy can be calculated from the relation of rate constants at different

temperatures by the Arrhenius equation.

E

k= Ae R @)
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where A is the frequency factor and E, is the activation energy. After linearization,

equation (7) becomes:

Ink=-2+1nA (8)
RT

3.3.4 Reusability of S-HTC on esterification

The stability of sulfonic groups was tested in catalyst reuse. After fresh
catalyst was evaluated in MW assisted esterification reaction of OA and methanol
under the optimum condition at methanol to OA molar ratio = 5.831:1, 3.047 wt%
catalyst loading then the spent HTC was separated from the product by paper
filtration and was washed by methanol and hexane respectively. The spent S-HTC
was dried in hot air oven at 100°C for 4 hours and was reused again at the same

condition as mentioned above.
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CHAPTER IV
RESULTS AND DISSCUSSION

This chapter is the results and discussion of OA conversion to obtain OAMES
using sulfonated hydrothermal carbon-based acid (S-HTC) as catalyst. Firstly, the
catalytic activity of S-HTC was test in preliminary experiments. The screening
parameters were conducted to find the range of independent parameters for
experimental design. Then, the parametric optimization was determined by using
Response surface methodology (RSM) with a central composite design (CCD).
Moreover, the Kinetics study was performed to determine the kinetic parameters
important for future process design. Lastly, the reusability of S-HTC was also studies

the catalyst stability.

4.1. S-HTC characterization

The physicochemical characteristics of the HTC and the S-HTC
catalyst are summarized in Table 4.1 and Figure 4.1-4.4. From the elemental analysis
results in Table 4.1, it is noted that the HTC derived from glucose had relatively high
oxygen content (O/C ratio = 0.42). The increase in the oxygen content from the O/C
ratio = 0.42 to the O/C ratio=0.79 after sulfonation, indicated that sulfonic acid group

(-SO3H) was successfully attached to the HTC by the process.

Table 4.1. Physiochemical properties of HTC and S-HTC.

Sample Elemental compositions Atomic ratios ~ Surface Total
area** acidity

%C %H  %O0* %S H/C O/C  (m¥g)  (mmol/g)

HTC 66.31 596 27.73 N.D. 0.09 0.42 2.90 0.62

S-HTC 5313 342 4209 1.36 0.06 0.79 2.67 4.90

N.D. Not detected
*The oxygen composition was calculated by difference from 100% considering the other elements.

**BET surface area estimated from N, adsorption results
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The functionalization of sulfonic acid groups onto the prepared HTC was also
verified by the sulfur content of the S-HTC, which was determined to be 1.36% on a
mass basis by the elemental analysis. In addition, an increase in the total acidity,
determined by titration method, was also observed for S-HTC. This value included
both the weak acid (-COOH) and the strong acid (-SOzH). Despite the high acid
density, the specific surface areas of both HTC and S-HTC were relatively low (<3
m?/g), probably due to low temperature of the hydrothermal carbonization process.
Slightly lower specific surface area of S-HTC than that of HTC was probably resulted
from the particle agglomeration, as observed from the SEM image shown in Figure
3.1. The morphological structures of the HTC and S-HTC were observed under a
scanning electron microscope (SEM. The glucose derived HTC particles have a
typical spherical shape with the approximate size of 0.5 um, which tend to
agglomerate into large particles. The S-HTC was found to have similar morphology

but with rougher surfaces.

HTC S-HTC

Figure 4.1 SEM Images of HTC before (a) and after sulfonation (b)

The FT-IR spectra in Figure 3.2 confirmed the existence of sulfonic acid
functional groups, O=S=0 symmetric stretching at 1020 cm™ and -SO;H at 1167 cm™
after sulfonation of the HTC. Also, the absorbance at 1704 cm™ exhibited the
presence of carboxylic acid groups. This result suggested that at least two types of
Bransted acid sites: sulfonic and carboxylic acid sites, were present in the prepared S-
HTC, which are common acid sites found in carbon-based solid acid catalysts (Valle-
Vigon et al., 2012; Pileidis et al., 2014; Tran et al., 2016). The XRD profiles of the
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HTC and S-HTC are shown in Figure 1 (c). The broad C diffraction peaks (26=10°-

30°) suggested the amorphous structures of the samples (Malins et al., 2015).

HTC

)

S-HTC

Transmittance

0=5=0

-COOH i
-SO,H

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400
Wavelength (¢cm™)

Figure 4.2 FTIR spectrum of HTC before (a) and after sulfonation (b)

The thermal stability of the sulfonic groups attached to the prepared HTC,
HTC before and after sulfonation were tested and the results of the TGA analyses are
shown in Figure 1 (d). From the TGA profile, HTC showed about 5% weight loss at
around 250°C, which corresponded to the loss of some functional groups (-OH
mainly and some -COOH) (Pileidis et al., 2014). While the S-HTC showed similar
trend with slightly higher weight loss. It can be described by these results that the —
SO3H groups on the surface of the HTC might be stable at a temperature as high as
250°C regardless of some weight loss, before they started to deactivate from the

carbon structure (Liu et al., 2013).
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Figure 4.3 XRD of HTC before (a) and after sulfonation (b)

100 HTC
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Figure 4.4 TGA of HTC before (a) and after sulfonation (b)
4.2. Catalytic activity of S-HTC on esterification reaction

4.2.1 Screening parameters effect

The catalytic activities of S-HTC were evaluated for esterification of OA with
methanol under MW as shown in Scheme 4.1. During the reaction, a magnetic stirring
bar was put inside the microwave reactor to attain completely homogeneous mixture
of reactants at constant rate. Oleic acid reacts with methanol utilizing the surface

functionalities of the catalyst to produce oleic methyl ester (OAMES).
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S-HTC
Oleic acid Methanol Oleic methyl ester Water
Microwave cavity
Pressure sensor OAME
thermocouple OAME
MeOH MeOH
SO;H

SO;H

Magnetic bar ‘

SOH SO;H

MW high pressure reactor ’

Sulfonated hydrothermal
carbon-based catalyst

Scheme 4.1. Schematic diagram showing the esterification reaction takes
place at the surface of S-HTC catalyst under MW irradiation

Firstly, in order to isolate the parameters (S-HTC, MW and hexane) affecting
the esterification reaction, the experiments were conducted using OA and methanol
with molar ratio of 1:10 at 100°C for 60 min under conventional heating as a control
experiment (Figure 4.5). In the absence of S-HTC, only methanol acted as MW
absorber since OA interacted poorly with MW. The OA conversion was achieved
only 28%. It might say that MW alone is not capable of increasing the the reaction
process conversion under this condition. While in the presence of 5 wt% of S-HTC
under MW system was found 80.5% OA conversion. As a results, the catalytic
activity of S-HTC was proved to have a potential catalyzed esterification due to the
Brensted acid sites of sulfonic (-SO3sH) which was confirmed the sulfur elements and
functional group by elemental analysis and FT-IR spectra, respectively. Moreover, S-
HTC also showed a strong MW radiation absorbing function due to polar molecules
of sulfonic acid functionalization. The ability of S-HTC in absorbing MW energy and
dissipating it into heat was also proved by dielectric loss tangent value (tan §=0.196)
at 2.45 GHz and 298 K. It is noted that the dielectric loss tangent observed in the
work was in the same range as those reported in the literature for the carbonaceous
material i.e. activated carbon, charcoal and carbon nanotube (0.11-0.80) at the same
condition (Menendez et.al., 2010). Therefore, the synergism of S-HTC and MW can

significantly accelerate the esterification reaction. The OA conversion increased to
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93.3% when S-HTC and hexane under MW were combined. The ability of hexane is
to separate OAME from the reaction mixture whereby OAME is soluble in the non-
polar phase so that hexane acts as a separator of the product after the reaction. It was
demonstrated that the addition of hexane provided higher yield of OAME since it is
simultaneously removed from the reaction zone thereby shifting the reaction
equilibrium forward.

100

- =) e
=] =] =]

OA conversion (%)

[
=

=]

Conventional MW + S-HTC MW + S-HTC +
heating Hexane

Figure 4.5 The parameters affecting the esterification reaction [Conditions: T=100°C,
60 min, OA to methanol 1:10, H/M=0.5 (v/v), 5wt% S-HTC and microwave power
set =300 W]

4.2.2 A single variable study

4.2.2.1 Effect of reaction temperature and time

The experiments were conducted using oleic acid and methanol with molar
ratio of 1:10 in the presence of 1wt% catalyst loading and from 50-100°C for 30 min
with hexane (Hexane/Methanol=1.8 v/v) as shown in Figure 4.6. This serves as a
started operating condition unless otherwise specified. The OA conversion increases
with the increase of reaction temperature due to higher rate of molecule movement
and mass transfer rate. Next, the reaction time was evaluated from 30-60 min at
100°C in the presence of 1wt% catalyst loading with molar ratio of oleic to methanol
at 1:10 and hexane to methanol ratio of 1.8 (v/v) as shown in Figure 2(b). The effect
of reaction time is the same as reaction temperature where the OA conversion
increases along with time.
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Figure 4.6 Results of esterification reaction under varied parameters (a) reaction
temperature [Conditions: t=30 min, OA to methanol 1:10, H/M=1.8 (v/v), 1wt%
catalyst loading and microwave power set = 300 W] and (b) reaction time.
[Conditions: T=100°C, OA to methanol 1:10, H/M=1.8 (v/v), 1wt% catalyst loading
and microwave power set = 300 W]

4.2.2.2 Effect of molar ratio of oleic to methanol

The effect of molar ratio of oleic to methanol is one important variable
affecting the esterification as shown in Figure 4.7. The OA conversion increased from
37 to 91% with an increase in the amount of methanol from 1:5 to 1:40 at T = 100°C
for 60 min in the presence of 1wt% catalyst loading and hexane to methanol ratio of
1.8 (v/v). As expected, excessive usage of methanol was able to drive the equilibrium
reaction forward. Moreover, OAME was found in both phases of the products
(unreacted methanol phase and hexane phase) at the molar ratio of OA to methanol
1:10 and 1:25. Based on the results, the role of hexane as a separator could not show
the efficiency when high amount of methanol. In short, the equilibrium can be shifted
to produce more OAME by adding an excess methanol according to Le Charterlier’s

principle.
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Figure 4.7 Effect of molar ratio of OA to methanol on esterification.
[Conditions: T=100°C, 60 min, Hexane amount=5 ml, 1wt% S-HTC

and microwave power set=300 W]

4.2.2.3 Effect of catalyst loading

According to the catalyst loading in Figure 4.8, it was found that the
conversion increased with increasing the amount of S-HTC. However, it seems less
significant on the OA conversion when the catalyst loading was further increased.
Moreover, the effect of addition of hexane was studied at different molar ratio of 1:10
and 1:25 by varying the catalyst loading as shown in Figure 4.8 (a, b). Based on the
results, the highest OA conversion was obtained at 100°C for 60 min, 1:25 molar ratio
of OA to methanol and 10% S-HTC. The excessive use of methanol at 1:25 molar
ratio of OA to methanol was able to achieve high yield as expected and mentioned
before. In particular, about 30% OAME was found in methanol phase under 1:25
molar ratio of OA to methanol. The result might be the same as the reports of Sajjadi
et al. (2014) and Yuan et al. (2009), the excess methanol will lead to biodiesel and
glycerol (polar molecules) being miscible. These indicated that high amount of

methanol can lead a solubility of biodiesel and methanol.
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Figure 4.8 Effect of catalyst loading on esterification at molar ratio of OA to
methanol 1:10 (a) and 1:25 (b). [Conditions: T=100°C, 60 min, H/M=1.8 (v/v) and
microwave power set=300 W]

4.2.2.4 Effect of amount of hexane

The effect of hexane was demonstrated in Figure 4.9. The amount of hexane to
methanol (v/v) was varied; for example, H/M=0.5 means the volume of hexane is half
the volume of methanol. From the results, the usage of hexane showed that the
OAME yield increases slightly when compared with no addition of hexane (H/M=0).
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H/M=0.5 H/M=1.5 H/M=2
Hexane/MeOH ratio (v/v)
Figure 4.9 Effect of amount of hexane on esterification. [Conditions: T=100°C, 60
min, OA to methanol 1:10,5 wt% catalyst loading and microwave power set = 300 W]
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The increase in the amount of hexane added to the mixture was expected to
give higher yield due to its role as a separator. Unfortunately, OA conversion
decreased with increasing amount of hexane. It is likely that the excess amount of
hexane could inhibit the reaction by shadowing the acid functionality of the catalyst,
thereby hindering the reactants accessibility to the surface of the catalyst resulting to
the lower yield. In summary, hexane as a separator might not be necessary in the
system of S-HTC catalyzed esterification under microwave irradiation. Moreover,
economic issue is concerned with the cost of production either cost of hexane and also
the separation its from the target product. Therefore, the next experiments will be

optimized and discussed in the system without hexane by using design of experiment.

4.3 Optimization of S-HTC catalyzed OA esterification conditions

4.3.1 Screening variables affecting OA esterification

The selection studies range of independent parameters was carried out by
screening method. The influence of three parameters results namely, molar ratio of
methanol to OA (1:1, 1:5, 1:10, 1:20), reaction time (15, 30, 45, 60 min) and catalyst
loading (0, 1, 2.5, 5, 10 wt%) were presented in Figure 4.10-4.12. To investigate the
actual parameter affecting the reaction, the other parameters were fixed at the lowest
condition. For a stoichiometry esterification, the OA to methanol ratio is 1 and
excessive usage of methanol is generally promoted the forward reaction since the
esterification is reversible. Figure 4.10 investigated the effect of OA to methanol
ratio, between 1:1 and 1:5 was shown the obviously increasing OA conversion. While
the effect of reaction time was observed the changing between 45 and 60 min (Figure
4.11). In Figure 4.12, the catalyst loading represented ambiguously effect in this
condition due to the low molar ratio and reaction time. However, the range of 1.5-
3.5 wt% was chosen for optimization regarding economic consideration. As the
results, 3 levels of CCD at low, middle and high, designated as -1, 0 and +1

respectively, are demonstrated in Table 3.1 to design of experiment.
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of molar ratio of OA to methanol on esterification. [Conditions:

n, 1wt% catalyst loading and microwave power set = 300 W]
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Figure 4.12 Effect of catalyst loading on esterification [Conditions: T=100°C, OA to

methanol 1:1 and microwave power set = 300 W]
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4.3.2. Design of experiment, quadratic regression model and variance

analysis

The experiment of S-HTC catalyzed esterification was designed using RSM
provided by Expert Design version 10. The experimental operating conditions and
their corresponding OA conversions (responses) as well as the model predicted results
are displayed in Table 4.2. The OA conversions ranged from 32.14% to 94.55%. The
quadratic model, which includes all the independent variables and their binary

interactions, is expressed as follows.

OA conversion (%) = -62.44446 + 21.93250A + 1.27526B + 27.63576C -
0.078850AB -0.38050AC + 0.17087BC — 1.30515A%— 0.00847B%— 5.66643C*  (9)

where A, B and C are the actual values of the methanol to OA molar ratio, reaction
time and catalyst loading, respectively. The coefficient of regression (R?) was used to
fit the data for the quadratic polynomial equation. Based on R? of 0.9407 obtained, it
is suggested that the prediction of the response was able to cover more than 90% of
the variability in the experiments. The satisfactory prediction of OA conversion based
on regression model as compared to the actual experimental data is shown in Figure
4.13. The statistically significance of each parameter was evaluated by the analysis of
variance (ANOVA) (as presented in Table 4.3). The significance of each term in
equation (9) was assessed by its corresponding p-value. At 95% of confidence level
(p-value < 0.05), it can be revealed that A, C, A% and C?are significant. Moreover, the
insignificant lack of fit confirmed that the quadratic model provides a satisfactory
prediction of OA conversion.
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Table 4.2 CCD variables for S-HTC catalyzed esterification and experimental

(response) and predicted percent OA conversions.

Experi  Methanol Reaction Catalyst Response Predicted

mental to OA time (min) loading (wt % OA % OA

run  molar ratio %) Conversion  Conversion
1 2.5 50 15 59.68 55.41
2 7.5 50 15 78.39 72.95
3 2.5 70 15 68.84 58.77
4 7.5 70 15 76.25 77.76
5 2.5 50 3.5 74.95 68.71
6 7.5 50 3.5 86.44 82.88
7 2.5 70 3.5 87.53 80.41
8 7.5 70 3.5 94.55 96.02
9 0.8 60 2.5 47.08 47.03
10 9.2 60 2.5 85.48 74.88
11 5 43.1 2.5 83.37 81.97
12 5 76.8 2.5 90.54 95.99
13 5 60 0.8 60.18 61.91
14 5 60 4.2 86.47 88.70
15 5 60 2.5 91.85 91.54
16 5 60 28 93.36 91.54
17 5 60 2.5 89.99 91.54




Predicted vs. Actual

Predicted
5]

Actual

Figure 4.13 Comparison between the predicted and actual OA conversion

Table 4.3 Analysis of variance (ANOVA) for response surface quadratic model.

Source Sumof  Degree of Mean F-value  p-value
Squares  freedom Square

Model 2801.16 9 311.24 12.35 0.0016*
A-Methanol to OA 873.33 <E 873.33 34.65 0.0006*
B-Reaction time 115.80 1 115.80 4.59 0.0693
C-Catalyst loading 799.99 1 799.99 31.74 0.0008*
AB 31.09 1 31.09 1.23 0.3034
AC 7.24 1 7.24 0.29 0.6086
BC 23.36 1 23.36 0.93 0.3678
A’ 750.13 1 750.13 29.76  0.0010*
B2 8.10 1 8.10 0.32 0.5886
c? 361.97 1 361.97 14.36 0.0068*
Residual 176.43 7 25.20
Lack of Fit 170.73 5 34.15 11.98 0.0788
Pure error 5.70 2
Corrected total 4216.23 16
R? 0.9407
Adj-R? 0.8646

*Parameters that significantly affect the reaction (p-value less than 0.05)
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4.3.3. Effect of variables on OA conversion

The effect of molar ratio of methanol to OA, reaction time and catalyst
loading on OA conversion are presented in 3D response surface plots as shown in
Figure 4.14. The lowest p-value of 0.0006 and the correspondingly largest F-value of
34.65 indicate that molar ratio of methanol to OA was the most influential factor on

OA conversion. This was followed by catalyst loading (Table 4.3).

It can be seen from Figure 4.14 (a,b) that the OAME production favored high
molar ratio of OA to methanol. In an equilibrium reaction such as OA esterification,
excessive of methanol forced the reaction toward the production of OAME. This was
also seen in the result of OA conversion, which increased with increasing methanol to
OA molar ratio from 2.5 to 7.5. The reaction time, on the other hand, showed
negligible effect on OA conversion within the range studied (Figure 4.14 (b,c)). The
effect of catalyst loading (%w/w) is presented in Figure 4.14 (b,c). With increased
amount of catalysts, the Brgnsted acid sites: (-SOsH) and (-COOH), were also
increased and the OA conversion was promoted. The mechanism of MW assisted
esterification can be represented in Scheme 4.2, in which Bregnsted acid, H”
protonated the carboxylic end of OA at the double bond position of carbon. Then
methanol attacked on the carbonation leading to a tetrahedral intermediate. The
OAME was then produced with the elimination of water, and the H" was regenerated
again at the surface of HTC catalyst (Lieu et al., 2016, Zeng et al., 2012, Kirk-Othmer
Encyclopedia of Chemical Technology (4th Edition).

oH +
SO so, H
_'J\J\l"ﬁ cm‘cmn
SOy O,H

oH
Sulfonated hydrothermal carbon

o — OH
Cy7H;,-C-OH " C,;Ha-C-OH §
Oleic acid %

Microwave irradiation
od CH,0H

é Methanol
; ! o I
Cy;Hy3-C-OCH; ¥~=——oxo=¥  (C,.H,,-C-OH

Oleic methyl oH O
ester SO, so, H-O-CH,
COOH- COOH
S0, 0,H

oH

H*

H,0

Scheme 4.2. Mechanism of S-HTC catalyzed esterification under MW.
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4.3.4. Optimization of OA conversion

The RSM analyses provided the prediction of the optimal conditions for OA
conversion to be at 5.831:1 molar ratio of methanol to OA, 60 min and 3.047 wt%
catalyst loading, yielding 95.55% OA conversion. The accuracy of the model
prediction was confirmed by experiments, carried out under the RSM optimized
condition. The experimental OA conversion of 92.76% was obtained, which was a
2.79% deviation from the model prediction. This result therefore suggested that the
model is in good agreement with the experimental study. As far as the economic
consideration is concerned, despite the suggested optimal condition, lower catalyst
loading and molar ratio of OA to methanol of 2.5 wt% and 4.5:1, respectively, was

found to give relatively high OA conversion of 90%, as seen t in Fig. 4.14 (b).

In addition, the S-HTC catalyzed esterification under MW irradiation were
compared based on literature survey conducted esterification of oleic acid with
different acid catalyst either homogeneous and heterogeneous catalysts under
conventional heating as shown in Table 4.4. It clearly showed that the combination of
alternative heating source of MW and S-HTC promoted an acceleration of the
reaction rate. The fast reaction rate of the MW-assisted esterification was due to
radiation directly pass though the vessel walls into the selected materials in the bulk

mixture and resulted in molecular mobility and rapid heat in the reaction.
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Figure 4.14 3-D response surface and contour plots representing effects of pairs of
variables: (a) methanol to OA and reaction time; (b) methanol to OA and catalyst

loading; and (c) reaction time and catalyst loading, on OA conversion.
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4.4. Kinetics study of S-HTC catalyzed esterification

4.4.1. Determination of kinetic parameters

To identify the kinetics of the reaction, experiments were carried out at
different temperatures and times, and the results are shown in Figure 4.15. The OA
conversion was found to increase with reaction time. It should be noted here that the
OA conversion reached around 40%, the instant that the temperature of the reaction

system reached the desired temperature, at which point, t = 0 min.
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Figure 4.15 OA conversion as a function of time at different temperatures.
[Conditions: methanol to OA molar ratio = 5.831:1, 3.047 wt% catalyst loading and
microwave power set = 300 W]

The reaction rate constant for respective temperature was determined based on
Eq. (6) by plotting graph of In (1-Xa) versus reaction time. The corresponding plot is
displayed in Figure 4.16, while Table 4.4 summarizes the values of reaction rate
constants at different temperatures. High coefficient of determinations (R?) were
observed, thus the assumption of pseudo-first order reaction kinetic was verified. The
rate constants increased with the increasing reaction temperatures from 70°C to 100°C
due to the endothermic reaction nature of esterification, suggesting also that the

forward reaction was accelerated by the increase in reaction temperature.
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Figure 4.16 Kinetic plot for determination of reaction rate constants.

Table 4.4. Reaction rate constants for S-HTC catalyzed OA esterification.

Temperature (°C) Reaction rate constant, k (min™)  Coefficient of determination (R%)
70 0.0054 0.9627
80 0.0071 0.9654
90 0.0151 0.9246
100 0.0315 0.9598

4.4.2. Arrhenius plot and activation energy

As shown in Figure 4.17, the relation of In k and 1/T was plotted to determine
the activation energy and the frequency factor based on the Arrhenius equation. The
activation energy for the S-HTC catalyzed esterification of OA was found to be 64
kJ/mol. It is noted that the activation energy observed in the work was in the same
range as those reported in the literature for the esterification reaction catalyzed by
several acid compounds i.e. H,SO4, Aminophosphonic acid resin, Cation exchange
rasin/polyethersulfone and NaY Zeolite (42-73 kJ/mol) (Lie et a., 2016; Liu et al.,
2013; Zhang et al., 2012; Abbas et al., 2013). While the frequency factor of 2.58 x10’
min™ was observed that higher than the conventional heating (Lieu et al., 2016) It is

due to the increasing of the molecular mobility under MW field.
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Figure 4.17 Arrhenius plot for estimation on activation energy and frequency factor.

4.5. Stability, reusability and spent catalyst characterization of S-HTC

In order to study the stability of sulfonic groups and possibility of catalyst
reuse, the catalytic activity of S-HTC was evaluated. The catalyst was repeatedly used
for the esterification reaction of OA and methanol under MW irradiation under the
same condition (optimum condition). The S-HTC was filtered and washed with
methanol and hexane, then reused in the new reaction runs. As the results in Figure
4.18, the OA conversion decreased from 93% to 20% in five consecutive cycles. The

OA conversion decreased instantly according to the catalyst is not active after first
run.
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Figure 4.18 Reusability of S-HTC in esterification under the optimal condition.
[Conditions: methanol to OA molar ratio = 5.831:1, 3.047 wt% catalyst loading and

microwave power set = 300 W]
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The suspected reason for the decreasing OA conversion after reusing S-HTC
was leaching of sulfonic groups from the latter. Even though, the sulfonic groups or
the main active sites for the biodiesel production will still be present in the reaction
solution. Hence, we expected to get high OA conversion. According to Jose M., et a.,
2012, another possibility is that the sulfonic groups deactivated. Sulfonic acid might
be changed to sulfonate ester after the reaction with alcohol which in also present in

the reaction mixture.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

S-HTC was successfully catalyzed esterification of OA and methanol under
MW irradiation by using green and environmental friendly preparation. The
synergism of S-HTC and microwave irradiation has been successfully performed a
good microwave-absorptivity of at least two Bregnsted acid sites, namely the -COOH
and —SO3H groups. The ability of hexane to separate OAME from the reaction
mixture and to shift the reaction equilibrium forward was observed at 0.5 hexane to
methanol volume ratio. An excess hexane could not give higher OAME as expected.

Hexane might inhibit the reaction by shadowing the acid functionality of the catalyst.

RSM based on CCD was employed for the prediction and the optimization of
OA conversion of the of S-HTC catalyzed OA esterification. Within the range of
conditions studied, the molar ratio of methanol to OA was shown be the most
influential factor on the OA conversion, followed by catalyst loading. On the other
hand, reaction time showed negligible effect on OA conversion. The RSM analyses
provided the prediction of the optimal conditions for OA conversion to be at 5.831:1
molar ratio of methanol to OA, 60 min and 3.047 wt% catalyst loading, yielding
95.55% OA conversion. The accuracy of the model prediction was confirmed by
experiments, OA conversion of 92.76% was obtained, which was a 2.79% deviation
from the model prediction. This result therefore suggested that the statistical model is

in good agreement with the coefficient of regression (R?) of 0.9407.

Furthermore, the reaction was found to be reasonably described by the pseudo-
first order kinetics. The dependency of the reaction rate constant on temperatures gave
the value of the activation energy of 64 kJ/mol. Unfortunately, the recyclability of S-
HTC presented the decreasing in OA conversion rapidly after first run maybe due to

the sulfonic groups deactivated.
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5.2 Recommendations

From this research, the hypothesis of using S-HTC accelerated esterification
was successfully produced OAME. Unfortunately, the catalyst reusability was proved
that this catalyst should be improved the stability due to the catalyst reactivity rapidly
dropped in the second cycle. According to related literatures in esterification, the main
reasons of catalyst deactivation of sulfonated carbon have been reported by leaching
of sulfonic species in sulfated zirconia (Tian et al., 2011) and formation of sulfonic
esters with corresponding alcohol (Fraile et al., 2012). However, the deactivation is
complicated phenomenon related to process which depends on the catalyst and
catalytic reaction. There are recommendations to investigate and further study for

improvement of S-HTC stability.

(i) The leaching of sulfonic groups will be studied by dissolving S-HTC in
methanol and heat at required reaction temperature for required reaction time. Then
test the acidity in the solution and test the activity of that catalyst in the esterification
to confirm the stability of acid site of catalyst (Zhao et al., 2016). If the leaching
happen, the acid functionalization step should be modified.

(ii) The forming of sulfonic esters will be carried out by analyzing spent
catalyst (after test the activity in the reaction) such as FTIR and **C NMR.

Moreover, the hypothesis of using hexane for removing the product from the
reaction phase, the results could not clearly show the role of a separator of hexane. In
addition, the interaction effect between methanol (reactant) and hexane (separator)
need to further investigate by using design of experiment. Phase equilibrium of

mixture also need to consider in further study.

Lastly, the effect of thermal and non-thermal MW is an important issue to
describe the phenomenon effect during the reaction under MW irradiation. Non-
thermal effects are the interaction between dipolar molecules and charges in electric
field (Mazo et al., 2011). Therefore, if frequency factor A of the Arrhenius equation in
MW heating is higher than that conventional heating and activation energy in MW

heating is lower than conventional heating. The collision efficiency can be lead to
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accelerate in the reaction and that means the non-thermal effect of MW. Also the MW
power is one parameter which might affect to the reaction. Therefore, open system
and closed system might be needed to compare the different type of MW. Energy

requirement is needed to calculate and compare to the conventional heating.
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APPENDIX A
EXPERIMENTAL DATA FOR ANALYSIS

Al Standard calibration curve

Table A-1.1: Standard data of methyl oleate (MO) and 2,6- dimethylnaphthalene

(DMN) as an internal standard.

Standard Concentration (mg/l) Peak area
DMN 0.5 428,606.4
MO 800 264,224.6
DMN 0.5 421,624.4
MO 1600 393,241.1
DMN 0.5 428,648.2
MO 3200 862,870.6
DMN 0.5 399,519.4
MO 6400 3,070,301.2
DMN 0.5 419,202.0
MO 12800 7,257,898.8
DMN 0.5 388,389.0
MO 25600 14,410,530.8

The response factor (RF) is a measure of the relative mass spectral response of
MO compared to DMN. It is calculated by using the reference MO standard as shown

in equation A-1. C is concentration, and A is peak area.

CM(}/C DMN

AM(}/AI}MN (A'l)



where

Cwmo = methyl oleate standard concentration (mg/l)

Cowmn = 2,6- dimethylnaphthalene concentration (mg/l)

Awmo = methyl oleate standard peak area

Apwmn = 2,6- dimethylnaphthalene peak area

Table A-1.2: The relationship between concentration and peak area on RF

Cwmo/Comn Awmo/Apmn
800 0.6165
3200 0.9327
6400 2.0130
12800 7.6850
25600 17.3136
51200 37.1033

] o) .
< < o

Cyo/Comn
>

y=0.0007x - 1.5002

R*=0.99581

0 10000 20000 30000 40000 50000

AM(}/ADMN

Figure A-1 Standard calibration curve of methyl oleate
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A2 Calculation of the OA conversion
The percentage of oleic acid methyl ester is defined as

mol of OAME
% OA Conversion = —————x100
mol of OA

Mol of OAME is calculated as

weight of OAME
MW of OA

mol of OAME =

Weight of OAME is computed as

COAME X VOAME x DF
1000

weight of OAME =

Concentration of OAME is calculated as

RF x C x A
Coame — DMN OAME

ADMN

where

Coame = oleic acid methyl ester concentration (mg/l)
Voawme = oleic acid methyl ester volume (ml)

Aoanme = oleic acid methyl ester peak area

DF = dilution factor
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APPENDIX B
EXPERIMENTAL DATA

B1 Catalytic activity

Table B-1: The catalytic activity preliminary results of S-HTC. [Conditions:
T=100°C, 60 min, OA to methanol 1:10, 5wt% catalyst loading and microwave power
set =300 W]

OA conversion (%)

Condition SD
Exp.1 Exp.2 Avg.

Control exp. 11.48 10.04 10.76 1.02

MW 28.11 28.68 28.40 0.40

MW + S-HTC 79.18 84.27 81.73 3.60

B2 Screening parameters effect

Table B-2.1: Effect of molar ratio to methanol on esterification. Conditions:

T=100°C, 15 min, 1wt% catalyst loading and microwave power set = 300 W]

Molar ratio of OA conversion (%)
OAto Exp.1 Exp.2 Avg. SD
methanol
1:1. 15.85 13.33 14.59 1.78
1:5 50.03 49.89 49.96 0.87
1:10 48.67 54.13 51.40 3.86

1:20 54.97 56.24 55.61 0.90
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Table B-2.2: Effect of reaction time on esterification. Conditions: T=100°C, OA to

methanol 1:1, 1wt% catalyst loading and microwave power set = 300 W]

Reaction time OA conversion (%)
(min) Exp.1 Exp.2 Avg. >P
15 14.57 12.26 13.41 1.64
30 18.47 22.58 20.52 2.91
45 22.98 25.73 24.36 1.94
60 32.79 41.56 37.18 6.20

Table B-2.3: Effect of catalyst loading on esterification n. Conditions: T=100°C, OA

to methanol 1:1 and microwave power set = 300 W]

Catalyst OA conversion (%) D
loading (wWt%o) Exp.1 Exp.2 Avg.
0 5.18 6.71 5.94 1.08

1 14.57 12.26 13.41 1.64



B3 Design of experiment

7

Table B-3: RSM based on CCD experimental for S-HTC catalyzed esterification

conversions. [Conditions: T=100°C and microwave power set = 300 W]

Experimental OA conversion (%) Catalyst
Exp.1 Exp.2 loading (wt SD
run %)
1 60.72 58.64 59.68 1.47
2 81.31 75.47 78.39 4.13
3 67.95 69.73 68.84 1.26
4 74.13 78.37 76.25 3.00
5 74.75 75.15 74.95 0.28
6 80.11 92.77 86.44 8.95
7 88.91 86.15 87.53 1.95
8 92.01 97.09 94.55 3.59
9 53.65 40.51 47.08 9.29
10 83.82 87.14 85.48 2.35
11 83.76 82.98 83.37 0.55
12 92.70 88.38 90.54 3.05
13 55.91 64.45 60.18 6.04
14 87.19 85.75 86.47 1.02
15 94.52 89.18 91.85 3.78
16 90.67 96.05 93.36 3.80
17 91.86 88.12 89.99 2.64




B4 Kinetics study
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Table B-4: OA conversion as a function of time at different temperatures.

[Conditions: methanol to OA molar ratio = 5.831:1, 3.047 wt% catalyst loading and

microwave power set = 300 W]

Temperature OA conversion (%)
(°C) 0 min 15 min 30 min 45 min 60 min
70 39.16 46.98 48.18 52.36 57.16
80 42.19 52.24 54.78 59.92 62.95
90 44.15 64.01 69.26 70.80 80.00
100 42.41 70.46 78.77 83.33 92.76

B5 Reusability

Table B-5 Reusability of S-HTC in esterification under the optimal condition.

[Conditions: methanol to OA molar ratio = 5.831:1, 3.047 wt% catalyst loading and

microwave power set = 300 W]

Catalyst

OA conversion (%o)

Fresh catalyst

1% reuse
2" reuse
3" reuse

4™ reuse

92.76
37.37
33.21
28.87
20.38
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