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Abstract

The issues of energy security, climate change, and environmental protection attract the use of
biodiesel as an alternative fuel worldwide despite several potential setbacks such as deforestation and
escalating food prices. A better biodiesel production scheme is needed to reduce the setbacks, to
increase the economical value, and to have a safer production process. The use of waste oil and fat as
feedstock, and conversion of glycerol into fuel oxygenates are the key solutions in this scheme.
Motivated by the high activity of the sugar catalyst, a low surface area and non-porous carbon-based
catalyst, this study investigates the synthesis of mesoporous, high surface area and acidity carbon-
based catalysts that are active for the conversion of oleic acid and glycerol into biodiesel and fuel
oxygenates, respectively. The results showed that a silica templating technique, prepared via confined
activation process, was effective for synthesizing mesoporous and high surface area catalyst, but low
in total acidity. The technique of catalyst functionalization in liquid fuming sulfuric acid was
effective, but destroyed the internal pores of the char. The activity of the mesoporous catalyst was
lower than the sugar catalyst in esterification of oleic acid. The catalyst activity was dependant on the
total acidity, but independent of surface area and porosity. Further investigation showed that multiple
vapour phase sulfonation was effective in synthesizing higher acidity catalyst while maintaining the
mesoporous and high surface area structure. Vapour phase sulfonation caused less pore destruction in
the char compared with liquid phase sulfonation. Repeated vapour phase sulfonation was effective in
loading increased functional groups on the catalyst at the expense of its surface area. Evaluation of the
activities of carbon-based catalysts on esterification of oleic acid showed that it depended on density
and accessibility of active sites, and catalyst deactivation. Evaluation of etherification of glycerol
showed that all catalysts, despite having huge differences in surface area, had comparable activity per
unit mass. The carbon-based catalysts had a high selectivity to di- and tri- glyceryl ethers. In
conclusion, the carbon-based catalysts synthesized through multiple vapour phase sulfonation

processes are promising catalysts for a better biodiesel production process.
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Preface

This dissertation consists of five manuscripts which are included in Chapters 1 to 5. This doctorate
work including experimental design and set-up, sample and data analysis, preparation of manuscript
for publication, and preparation of the dissertation have been performed by Jidon Adrian Bin Janaun
under the supervision of Professor Naoko Ellis in the Department of Chemical and Biological
Engineering at the University of British Columbia. During the absence of Professor Naoko Ellis for
her sabbatical leave in January to May 2011, Professor Kevin J. Smith acted as the co-supervisor. The
manuscripts included in this dissertation are listed below. For manuscripts with co-authors, the

contributions of Jidon Adrian Bin Janaun have been described in detail.

1. Jidon Janaun and Naoko Ellis. Perspectives on biodiesel as a sustainable fuel, Renewable
Sustainable Energy Rev. 14 (2010), 1312-1320. A version of this manuscript is included in
Chapter 1.

The preparation and writing of the manuscript was done by Jidon Adrian Bin Janaun under direct

supervision and final approval of Professor Naoko Ellis.

2. Jidon Janaun and Naoko Ellis. Role of silica template in the preparation of sulfonated
mesoporous carbon catalysts, Appl. Catal., A 394 (2011), 25-31. A version of this manuscript is
included in Chapter 2.

The catalyst preparation and characterization, design and experimental setup, performing
esterification of oleic acid with methanol experiments, sample and data analysis have been done
by Jidon Adrian Bin Janaun under direct supervision of Professor Naoko Ellis. The preparation
and writing of the manuscript was done by Jidon Adrian Bin Janaun under direct supervision and

final approval of Professor Naoko Ellis.

3. Jidon Janaun and Naoko Ellis. Glycerol etherification by zerz-butanol catalyzed by sulfonated
carbon catalyst, Journal of Applied Sciences 10 (2010), 2633-2637. Sections of this manuscript

are included in Chapter 5.

The catalyst preparation and characterization, design and experimental setup, performing
etherification of glycerol with tert-butanol experiments, sample and data analysis have been done
by Jidon Adrian Bin Janaun under direct supervision of Professor Naoko Ellis. The preparation
and writing of the manuscript was done by Jidon Adrian Bin Janaun under direct supervision and

final approval of Professor Naoko Ellis.
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Jidon Janaun, Naoko Ellis, and Kevin J. Smith. Controlled functionalization of amorphous
carbon using multiple vapour phase sulfonation, to be submitted for publication. Sections of this

manuscript are included in Chapters 3 and 4.

The catalyst preparation and characterization, design and experimental setup, performing
esterification of oleic acid with methanol experiments, sample and data analysis have been done
by Jidon Adrian Bin Janaun under direct supervision of Professor Kevin J. Smith. The
preparation and writing of the manuscript was done by Jidon Adrian Bin Janaun under direct

supervision and final approval of Professors Naoko Ellis and Kevin J Smith.

Jidon Janaun, Naoko Ellis, and Kevin J. Smith. New carbon-based catalysts for esterification and
etherification reactions, to be submitted for publication. Sections of this manuscript are included

in Chapters 4 and 5.

The catalyst preparation and characterization, design and experimental setup, performing
esterification of oleic acid with methanol experiments and etherification of glycerol with
isobutylene, sample and data analysis have been done by Jidon Adrian Bin Janaun under direct
supervision of Professors Naoko Ellis and Kevin J. Smith. The preparation and writing of the
manuscript was done by Jidon Adrian Bin Janaun under direct supervision and final approval of

Professors Naoko Ellis and Kevin J Smith.
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Chapter 1 Introduction

1.1 Perspectives on biodiesel as a sustainable fuel

Biodiesel (fatty acid alkyl esters) is an alternative diesel fuel derived from the reaction of vegetable
oils or lipids and alcohol with or without a catalyst. Despite the invention of the vegetable oil fuelled
engine by Rudolf Diesel dating back to the early 1900s, full exploration of vegetable oil based fuel
such as biodiesel only came into light in the nineteen eighties as a result of renewed interest in
renewable energy sources for reducing greenhouse gas (GHG) emissions, and alleviating the
depletion of fossil fuel reserves (Pahl 2008; Sorrell et al. 2010). Since then, biodiesel has penetrated
the market in Europe, especially in Germany and France, as a blend to petro diesel. Commercially,
these blends are named as B5, B20 or B100 to represent the volume % of biodiesel in the blend with
petro diesel as 5, 20 and 100 vol.%, respectively. Currently, many countries around the world have
explored and commercially used biodiesel blends for their vehicles, such as the US, Japan, Brazil,
Canada, and India.

Esterification (Figure 1-1) and transesterification (Figure 1-2) reactions are currently the most
favoured reaction pathways to produce biodiesel or alkyl esters. Any type of feedstock that contains
free fatty acids and/or triglycerides such as vegetable oils, waste oils, animal fats, and waste greases
can be converted into biodiesel. However, the final product must meet stringent quality requirements
before it can be accepted as biodiesel (EN14214 for European standard; ASTM D6751 for US). The
fuel properties of B5, B20, B100 and No. 2 Diesel, according to the standards, are well established in
the literature (Ali and Hanna 1994; Mittelbach 1996; Altin et al. 2001; Canakci and Sanli 2008). A
number of processing technologies for the production of biodiesel have been reported as the feedstock

conversion depends on the type of feedstock used.

0 (0]

H+
)J\ + CHgOH )J\ + Hy0

R OH R OCH3

R: carbon chain of the fatty acids

Figure 1-1 Esterification reaction of free fatty acid (FFA) with methanol.



R,COOCH,

R.COOCH  + CH3OH

HOCH,

R.COOCH  + R;COOCH,

R3COOCH, R;COOCH,
Triglyceride Diglyceride
HOCH, HOCH,
Catalyst
R,COOCH  + CH4OH y HOCH  + R,COOCH,
RzCOOCH, R3COOCH,
Monoglyceride
HOCH, HOCH,
Catalyst
HOcH + CH,Z0OH HOCH + RgCOOCH,
R3;COOCH, HOCH,
Overall reaction:
R,CO0CH, HOGH,  R,COOCH,
Catalyst
R,COOCH  + 3CHZOH Y HOCH + RaCOOCH,
R3COOCH,
R;COOCH, HOCH,
Triglyceride Methanol Glycerol Methyl esters
(Biodiesel)

Figure 1-2 Transesterification reactions of glycerides with methanol.

While the biodiesel industry is being established in many countries, it has also been hit by the recent
global economic crisis. In order to overcome the adversities of the economic background, it is critical
for the biodiesel industry to continuously improve on aspects that will strengthen the prospects of
better market penetration. There are numerous review papers recently published focusing on the
specific issues related to production processes (Balat 2009; Fjerbaek et al. 2009; Hanna and Isom
2009; Shahid and Jamal 2011; Sharma et al. 2011; Chouhan and Sarma 2011; Santori et al. 2012),
feedstock (Ju and Rayat 2009; Meher et al. 2009; Abdulla et al. 2011; Ahmad et al. 2011; Koh and
Mohd. Ghazi 2011), engine testing and emission (Kalam et al. 2009; Murugesan et al. 2009; Bakeas
et al. 2011; Karavalakis et al. 2011; Basha and Raja Gopal 2012), and social, economy and policy
(Pinzi et al. 2009; Sharma and Singh 2009; Tan et al. 2009a; Brian J. 2011; de Gorter et al. 2011;
Hassan et al. 2011; Perdiguero and Jimenez 2011; Kumar et al. 2012). In this chapter, important
aspects of the biodiesel, which will strengthen the prospect as the next generation green fuel, are

discussed through four major topics:



(i) cost and environmental impact of conversion processes;
(i1) efforts towards environmentally benign and cleaner emissions;
(iii) diversification of products derived from biodiesel glycerol;
(iv) policy and government incentives.
Some points require further advancement of research, while others may be controlled by regional

policies. Nevertheless, these points are critically discussed in the following.

1.1.1 Cost and environmental impact of conversion process

For a sustainable future of the planet, we must look into renewable energy sources which implicitly
include sustainable fuel sources. Based on the positive energy balance or life cycle analysis, biodiesel
is shown to be sustainable (Kaltschmitt et al. 1997; Varanda et al. 2011). However, competition of
feed source with food, and destruction of natural habitats resulting from energy crop plantation are
some inevitable issues which require attention. Furthermore, various aspects in increasing the

economic perspectives of the biodiesel are examined.

1.1.1.1 Efficient processes

One of the benefits of biodiesel is that it can be produced from a wide range of feedstock types,
ranging from controversial neat vegetable oils to environmentally-polluting waste oils. As discussed
in detail in Section 1.1.1.2, the use of neat vegetable oils as feedstock is controversial because it is
associated with the increase of food prices, as well as deforestation resulting from of expansions of
vegetable oil plantation. However, waste oils contains unfavourable components such as high
particulates, free fatty acids (FFAs) and water content requiring a suitable pre-treatment process.
Table 1-1 shows typical FFA and water contents of fresh and waste oils. Typically the pretreatment
includes esterification with an acid catalyst to convert free fatty acids into biodiesel, followed by
transesterification with a base catalyst to convert triglycerides into biodiesel (Gui et al. 2008).
Transesterification of waste oils containing high FFAs using a base catalyst without the pretreatment
would cause the formation of soap, which require a large amount of water for removing them in the
product separation stage. In addition, the formation of soap also deactivates the base catalyst (Figure
1-3) (Lotero et al. 2005). For neat vegetable oils (containing less than 0.5 wt.% FFAs), the process is
relatively simple using alkaline homogeneous transesterification, with conversion efficiency of more
than 98% (Canakci and Sanli 2008). However, the homogeneous transesterification has
disadvantages, as it consumes large amounts of water for wet washing to remove the salts produced
from the neutralization process, and the residual acid or base catalyst. In spite of this, there are many
companies commercializing this technology, such as MPOB, Lurgi, EsterFIP, owing to the high
conversion efficiency, cost effective reactants and catalyst, and relatively lower energy use compared
with the heterogeneous transesterification process (Canakci and Van Gerpen 2003; Bloch et al. 2008;
Chew and Bhatia 2008). In order for this process to reduce the environmental impact, improvements

on the efficiency of the washing and effluent treatment steps are warranted. There is a considerable



amount of research on dry washing which selectively absorbs impurities from the product (Shvets
2003; Bertram et al. 2005; Berrios and Skelton 2008). Investigations are focusing on finding suitable
adsorbents (Anderson 2008; Sohling et al. 2008; Predojevi¢ 2008). An excellent review on biodiesel
separation and purification was recently published (Atadashi et al. 2011).

Table 1-1 Typical vegetable oil properties and methyl ester yields through alkaline- and acid-
catalyzed, and supercritical methanol conversion.

. Water Yields of methyl esters (wt. %)
Raw Material  FFA co(r;tent content Alkaline- Acid- Supercritical
(wt. %) (wt.%) catalyzed Catalyzed methanol
Rapeseed oil 2.0 0.02 97.0 98.4 98.5
Palm oil 53 2.1 94.4 97.8 98.9
Frying oil 5.6 0.2 94.1 97.8 96.9
Waste palm oil > 20.0 >61.0 - - 95.8

(Source: Kusdiana and Saka (2004))

0 O
+ NaOH (or MeONa) — . + H,0 (or MeOH)
@ )J\OH R)J\O-Na 2
Soap
@] Base O
catalyst
(b) R/U\O-Me + H,0 i A R)J\OH + MeOH

Figure 1-3 (a) Base catalyst reaction with FFAs to produce soap and water, both undesirable
byproducts; (b) Water promotes the formation of FFAs. These, then, can deactivate the catalyst and
produce soap, as in (a). Adapted from Lotero et al. (2005).

Concerns over the downstream processing of the homogeneous transesterification processes
have motivated intense research on the heterogeneous transesterification method (Di Serio et al. 2007;
Arzamendi et al. 2007; Di Serio et al. 2008; Zabeti et al. 2009; Hara 2009). In general, the
heterogeneous biodiesel production processes have fewer unit operations, with simpler separation and
purification steps of products as there are no neutralization steps required. In contrast, a typical
homogeneous acid-catalyzed process require neutralization step, as shown in Figure 1-4 (Lotero et al.
2005). The effectiveness of the heterogeneous catalyst conversion depends on the effectiveness of the
solid catalyst used (Chouhan and Sarma 2011). There are three types of solid catalysts: acid, base and
enzyme. Solid base catalysts such as alkaline-earth metal hydroxide, oxides, and alkoxides like
Ca(OH),, CaO, and Ca(CH;0), function as effective catalysts for the transesterification of
triglycerides (Hara 2009). The mechanism of triglycerides (TGs) transesterification using
homogeneous base and acid catalysts are shown in Figures 1-5 and 1-6, respectively (Lotero et al.

2005). The surface area and basicity determines the reactivity of the alkaline-earth metals. So far, the
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catalytic activity of alkali hydroxide catalyst is found to be higher than those of the alkaline-earth
metal. In addition, alkali- and alkaline earth metal cations are prone to dissolve in solvents, including
biodiesel, while the base catalyst is readily poisoned by water (Hara 2009).

In general, solid base catalysts are more reactive than solid acid catalysts, requiring relatively
shorter reaction time and lower reaction temperature (Hara 2009). However, solid acid catalysts have
several advantages over solid base catalysts; the reaction is less affected by the presence of water and
free fatty acids (Lotero et al. 2005). The main advantage of solid acid catalysts is their ability to carry
out the esterification of free fatty acids and transesterification of triglycerides simultaneously (Gao
2007; Di Serio et al. 2008; Zabeti et al. 2009). Hence, a solid acid catalyst is ideal for low-quality
feedstock thereby lowering the overall production costs. Low-quality feedstock, in the context of this

thesis, is a term used for oils, fats or greases that contain high amount of free fatty acids, water and

impurities.
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Figure 1-4 Simplified block flow diagram of the acid-catalyzed process including: (1) feedstock
pretreatment; (2) catalyst preparation; (3) transesterification and esterification; (4) alcohol recycle;
(5) acid catalyst removal; and (6) biodiesel separation and purification process. Adapted from Lotero
et al. (2005).



Among the solid acid catalysts, tungstated zirconia-alumina (WZA), sulphated zirconia-
alumina (SZA), sulphated tin oxide (STO), Amberlyst-15 (Sulfonated polystyrene-based resin),
nafion NR50 (perfluorinated alkane sulfonic acid resin), and metal compounds such as TiO,/ZrO,,
Al,05/ZrO,, ferric sulphate and ZnO are most widely studied (Di Serio et al. 2008; Hara 2009). Furuta
et al. (2004) evaluated WZA, SZA, STO, TiO,/ZrO,, and Al,03/ZrO, in the transesterification of
soybean oil with methanol at 200 — 300°C and esterification of n-octanoic acid with methanol at 175-
200°C, using a packed bed reactor. WZA shows potential as it gives high conversion in esterification

and transesterification reactions and is stable at relatively higher temperature (250°C).
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Ry, Ro. R3: carbon chain of the fatty acids

R: alkyl group of the alcohol

Figure 1-5 Homogeneous base-catalyzed reaction mechanism for the transesterification of TGs: (1)
production of the active species, RO-; (2) nucleophilic attack of RO- to carbonyl group on TG,
forming of a tetrahedral intermediate; (3) intermediate breakdown; (4) regeneration of the RO- active
species. The sequence is repeated twice. Adapted from Lotero et al. (2005).

The discovery of the sugar catalyst (also known as sulfonated carbon catalyst) by Toda et al.

(2005) also contributes to the development of solid acid catalysis for biodiesel production. Sugar
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catalyst made from sulfonating the pyrolized sugar is inexpensive and is prepared from an
environmentally benign, renewable catalyst support. It is shown to be very stable with comparable
acidity to sulphuric acid, and higher catalytic activity than all the typical solid acid catalysts (Toda et
al. 2005; Zong et al. 2007; Nakajima et al. 2007). Moreover, it is reactive on both esterification and
transesterification reactions at relatively low temperature (i.e., 80°C). However, more trials and
experiments are needed to validate the application of this catalyst. Mo et al. (2008a) have shown that
the sugar catalyst is not as stable as claimed by Toda et al. (2005). Other more recently reported solid
acid catalysts reactive at relatively lower temperature are H4sPNbW;04/W0O;-Nb,Os, a novel
heteropolyacid derived catalyst (Hara 2009), and sulfated zirconia materials functionalized by alkyl-
bridged organosilica moieties (Li et al. 2011). A new promising catalyst for a fast microwave
biodiesel production is reported by Jin et al. (2011). This heterogeneous catalyst, a ZnO/La,0,COs,
has a higher reaction rate than the homogeneous KOH catalyst with the assistance of microwave
irradiation. Furthermore, there are several excellent reviews on heterogeneous catalysis for biodiesel
production available in the literature (Lotero et al. 2006; Sarma et al. 2008; Hara 2009; Sharma et al.
2011; Chouhan and Sarma 2011).
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Ry4: Ry, Rg: carbon chain of the fatty acids
Rg4: alkyl group of the alcohol

Figure 1-6 Homogeneous acid-catalyzed reaction mechanism for the transesterification of
triglycerides: (1) protonation of the carbonyl group by the acid catalyst; (2) nucleophilic attack of the
alcohol, forming a tetrahedral intermediate; (3) proton migration and breakdown of the intermediate.
The sequence is repeated twice. Adapted from Lotero et al. (2005).
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Enzyme-catalyzed transesterification is another way to achieve biodiesel production. Lipase
has shown to have high catalytic activity to produce high quality biodiesel (Ognjanovic et al. 2008;
Haldar and Nag 2008). Enzyme production is a renewable process, but is currently more costly than
the production of conventional solid catalysts, owing to the higher cost of enzyme production
requiring more complicated and high technology instrumentations (Enweremadu and Mbarawa 2009).
One of the challenges in using enzymes, as a biocatalyst is its reusability as enzymes can leach out.
Thus, lipase immobilized on solid material such as porous kaolinite functions as a reusable
heterogeneous catalyst (Hara 2009). Another problem with the use of lipase is its deactivation by
glycerol which blocks the active sites of lipase, requiring efficient product separation to maintain the
activity of lipase. The use of methanol in the triglycerides transesterification catalyzed by the lipase is
limited to only a maximum methanol-to-oil molar ratio of 1:1, above which it seriously inactivates the
enzyme (Du et al. 2004a). Published findings show that an alternative acyl acceptor such as methyl
acetate to replace methanol can attain up to 92% methyl ester yield. In addition, the by-product of
triacetylglycerol has a more expansive market than glycerol, and does not deactivate the lipase (Du et
al. 2004b; Parawira 2009). A recent review by Tan et al. (2010) provides an overview of the latest
enzyme immobilization techniques. As a result of continuous development, a large-scale biodiesel
production via enzymatic process is now feasible (Nielsen and Rancke-Madsen 2011).

Supercritical methanol is another way of making biodiesel via transesterification reaction at
high temperature and pressure (e.g., 350°C, 43 MPa) without any catalyst (Saka and Dadan 1999;
Kusdiana and Saka 2001; Demirbas 2002). The reaction requires a very high methanol-to-oil molar
ratio (42:1), but is completed in less than 4 minutes (Saka et al. 2006; Demirbas 2006; He et al. 2007).
As shown in Table 1-1 (Kusdiana and Saka 2004), the supercritical methanol process can tolerate
higher FFA and water contents with less reaction time compared to the alkaline- and acid-catalyzed
conversion processes (Kusdiana and Saka 2003; Warabi et al. 2003; Demirbas 2007; Tan et al.
2009b). However, higher production cost due to the extreme reaction conditions, and the negative
environmental impact due to the use of large amount of methanol albeit recycled, hinder the
commercialization of supercritical methanol process (Enweremadu and Mbarawa 2009).

An economic comparison between different conversion methods is reported using HYSYS
simulator (Zhang et al. 2003; West et al. 2008). A study by West et al. (2007) shows that for a 8000
tonne/yr biodiesel production capacity, the total manufacturing cost for pre-treated alkali-catalyzed,
acid-catalyzed, heterogeneous acid-catalyzed, and supercritical using waste vegetable oil processes
are US$ 5.20, US$ 4.76, US$ 3.88, and US$ 4.59 million dollars, respectively. A heterogeneous acid-
catalyzed has the lowest total manufacturing cost, owing to the relatively small sizes and carbon steel
construction of most of the process equipment. However, for a larger production capacity, i.e., 40,000
tonne/yr, Lee et al. (2011) also using HYSYS simulator, show a contrary result. The total
manufacturing cost for alkali-catalyzed using fresh vegetable oil, alkali-catalyzed using waste
vegetable oil with acid catalyzed pre-treatment, and supercritical using waste vegetable oil processes

are US$ 45.8, US$ 35.0, and US$ 29.0 million dollars, respectively. Supercritical process using waste
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vegetable oil as the feedstock is the most economically feasible. Nevertheless, both studies are in
agreement regarding the feedstock cost being the most significant variable affecting the production

cost, comprising 64—-84% of the biodiesel manufacturing costs.

1.1.1.2 Feedstocks

While various biodiesel feedstocks are renewable, its competition with food source is a major
concern. The increase in staple food prices may be linked with the use of edible oil for biodiesel
production (FAO 2008). An interesting perspective lies in the argument that the amount of vegetable
oil produced in the world can meet the demand for consumption and for consumer product (Corley
2009). However, the issue goes beyond the supply — encompassing the complex balance of the
ecosystem. For instance, the mass plantation of monoculture plants could benefit the economy of rural

populations while negatively affecting the water resources and the biodiversity (FAO 2008).

1.1.1.2 (a) Non-edible oil

One of the ways to reduce the dependency on edible oil to make biodiesel is to use non-edible oils,
such as jatropha, castor, Pongamia pinnata, rubber seed, and sea mango (Gui et al. 2008). Table 1-2
shows oil yield for major non-edible oil sources, including those that have been commercialized to
produce biodiesel (Gui et al. 2008). Conversion of these types of oil into biodiesel is comparable in

the process and quality to other edible oils (Pinzi et al. 2009).

Table 1-2 Oil yield for major non edible oil resources.

Qil source Qil yield (kg oil/ha) Qil yield (wt. %)
Jatropha 1590 Seed (35 - 40); Kernel (50 - 60)
Rubber seed 80-120 40 - 50
Castor 1188 53
Pongamia pinnata 225 - 2250 30-40
Sea mango N/A 54

(Source: Gui et al. (2008))

Jatropha curcas in particular has an extra advantage over other oil sources because it is a
drought-resistant plant capable of surviving in abandoned and fallowed agricultural land (Achten et
al. 2008; Achten et al. 2010). This will potentially provide extra source of income for the local
farmers without sacrificing the fertile land that is used for other crops. However, further research is
needed to fully commercialize jatropha oil as feedstock for biodiesel for information such as basic
agronomic characteristics of Jatropha Curcas is still scarce (FAO 2008). The latest development in
the production of biodiesel from jatropha are reported (Abdulla et al. 2011; Koh and Mohd. Ghazi
2011; Kumar et al. 2012).



1.1.1.2 (b) Algae-based biodiesel

There is a growing interest in algae-based biodiesel for its higher yield non-edible oil production, and
non-competition for land with food production (Chisti 2008; Li et al. 2008; Cheng et al. 2009). Table
1-3 shows the comparison of the biodiesel production from algae and oil plants (Li et al. 2008).
Algae-based biodiesel has a superior yield per hectare over conventional oil crops. This is because
algae can be grown on farms or in bioreactors (Goh and Lee 2010). Studies indicate that algae for
biodiesel production can grow on flue gas, giving opportunities in consuming greenhouse gas as
feedstock (Vunjak-Novakovic et al. 2005; Li et al. 2008; Rhodes 2009). This gives additional benefit
in reducing the carbon footprint. Furthermore, algae can be genetically modified to increase its
growth rate, biomass production, and lipid content (Tabatabaei et al. 2011; Costa and de Morais
2011). The main obstacles for the commercialization of algae-based biodiesel include its high
production cost from requiring high-oil-yielding algae strains and effective large-scale bioreactors,
inconsistent and insufficient algal productivities, uncertain capital and operating costs, volatile market
prices, and unknown levels of government support (Vasudevan and Briggs 2008; Mata et al. 2010;
Brian 2011). Hence, continuous research and development is needed before algae-based biodiesel

production can be fully commercialized.

Table 1-3 Comparison of biodiesel production from algae and oil plants.

Biodiesel produced from algae Biodiesel produced from
plants
Technology Cell bioengineering, automatically Agriculture in farm
produced in pilot plant
Production period 5-7 days for a batch cultivation Several months or years
Qil content More than 40-50% in whole cells Less than 20 % in seeds or fruits
Land occupied 0.010-0.013 hectare for producing 2.24 hectare for producing
1x10° L oil* 1x10° L oil®
Cost performance $2.4 per liter microalgal oil $0.6-0.8 per liter plant oil
Further technical Unlimited (work just beginning) Limited (many works have been
development done)

(Source: Li et al. (2008))
“Based on projected area of bioreactor in pilot plant.
"Based on soybean cultivation in farmland.

1.1.1.2 (c) Waste oils, grease, and animal fats

Waste vegetable oils, greases, and animal fats have been used as feedstock for biodiesel production.
The use of these types of feedstock eliminates the need for disposal, and more importantly contributes
to the supply of biodiesel. However, some of the major challenges, especially for waste stream
feedstock, such as waste cooking oil and grease, are the collection infrastructure and logistics. For
example, the collection system for the waste cooking oil could be a hurdle as the sources are generally

scattered and without any quality control. The city of Kyoto has taken this challenge and reported on
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producing enough biodiesel to fuel their city buses from waste vegetable oils collected from general
households, restaurants and cafeterias (Takahashi 2009). A study in a city of Langkawi, Malaysia
showed that an estimated 100,000 — 400,000 kg waste cooking oil can be collected annually, which
could provide 1.6% of transport diesel demand in Langkawi (Kumaran et al. 2011). In certain remote
or seasonal communities, it may be feasible for this type of model to work. However, further public
awareness, education and acceptance become key importance for successful implementation.
Meanwhile, animal fats are more readily available as the slaughter industry is generally well
managed for product control and handling procedure (Mata et al. 2011). However, there is a biosafety
issue related to animal fats that could come from the contaminated animals. Future research needs for
ensuring biosafety of biodiesel produced from animal waste through cradle to grave life cycle studies

have been highlighted (Greene et al. 2005).

1.1.1.2 (d) Edible oil from sustainable plantation

The use of edible vegetable oil as a feedstock for biodiesel production warrants a discussion. Despite
the fact that neat edible oil competes with food supply, it is the feedstock that allows the simplest
conversion method. Furthermore, for many, the edible oil crop plantation has already been well
established, with some crops producing high quality oil that gives highest conversion through the
transesterification reaction. The central issue is the proper management on the oil supply so that oil
for food consumption and for consumer products are guaranteed, with the remaining oil being
converted into biodiesel. Sustainable plantation scheme includes comprehensive practices that
maintain the benefits to the environment (planet), people, and profitability (Basiron 2007). To
illustrate the practise of sustainable plantation, a case study is presented from the palm oil plantation

in Malaysia.

1.1.1.2 (e) Sustainable plantation: A case study of palm oil plantation in Malaysia

Palm oil is currently the largest supply of edible oil in the world with Malaysia and Indonesia being
the largest producers (Santosa 2008; Sumathi et al. 2008; McCarthy et al. 2011). Palm oil has
dominated the world’s vegetable oil demand because of its versatile applications ranging from food to
consumer products, and now as biodiesel. The large supply of palm oil can be attributed to the
superiority of palm oil in terms of oil yield, shown in Table 1-4 (Sumathi et al. 2008), requiring a
smaller area of land to produce oil. Furthermore, palm oil has the highest fossil energy balance, i.e.,
energy produced over energy consumed, as defined in Table 1-5 (FAO 2008), and the lowest cost
relative to other energy crops (Figure 1-7). The success of the palm oil industry in Malaysia is
achieved based on the highly desirable properties of the palm oil trees, careful management by
Malaysian Palm Oil Board (MPOB), and more importantly sustainable practices in palm oil farming

(Basiron 2007; Sumathi et al. 2008; Lam et al. 2009).
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Figure 1-7 Average cost and quantity of vegetable oil production, 2010/2011.

Table 1-4 Oil production and yield of major oil crop in the world in 2006.

Average oil yield Planted area
Qil crop (ton/Halyr) (million Ha)
Soybean 0.40 94.15
Sunflower 0.46 23.91
Rapeseed 0.68 27.22
Oil Palm (mesocarp") 3.62 10.55

(Source: Sumathi et al. (2008))

Oil palm cultivation in Malaysia has long advocated sustainable practices. It has struck a
balance between economic needs and preservation of the environment. Laws including the Protection
of Wildlife Act 1972 were already in place when the industry saw a surge in planted area from the
1980s (Basiron 2007). The oil palms were originally forest species which have been domesticated to
maximize the yield of their respective products. It is estimated that palm oil crop emits eight to ten
times more oxygen and absorbs up to ten times more CO, per hectare per year compared to annual

crops grown in temperate countries (Basiron 2007). In addition, while oil palm plantations never

' Mesocarp (a pulp) is the outer layer of palm fruit containing the palm oil in a fibrous matrix.
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regain the microclimate or vegetation structure of forests, specific habitat could evolve creating a

heterogeneous habitat through time (Koh and Wilcove 2007; Luskin and Potts 2011).

Table 1-5 Estimated ranges of fossil energy balance of biodiesel and diesel.

Fuel Feedstock Fossil energy balance (ratio)”
Biodiesel Soybean 14-34

Rapeseed 1.2-3.6

Waste vegetable oil 4.8-5.8

Palm oil 8.6-9.6
Diesel Crude oil 0.8-09

(Source: FAO (2008))

* The fossil energy balance = [Energy contained in the fuel]/[Fossil energy used in its production]

However, there are many issues concerning the oil palm cultivation in Malaysia such as
deforestation, Orangutan extinction, and peatland destruction, addressed in several publications
(Chuah et al. 2006; Basiron 2007; Sumathi et al. 2008; Wicke et al. 2008; Yee et al. 2009; Lam et al.
2009). In summary, Malaysia has been practicing the use of the roundtable on sustainable palm oil
(RSPO) to involve NGOs in an effort to be transparent and to maintain best management practices.

In general, palm oil derived biodiesel meets the EN14214 and D6751 standards with
exception to the cold flow properties (Crabbe et al. 2001; Kalam and Masjuki 2002; May et al. 2005;
Kinoshita et al. 2007). Palm oil biodiesel is typically associated with high cloud point and pour point
limiting its usage in warmer climates (May et al. 2004). However, there are several treatments such as
winterization, additives and blending with other oils which could alleviate the limitations (Soriano Jr.

et al. 2006; Shudo et al. 2006; Liang et al. 2006; Sern et al. 2007; Sarin et al. 2007; Sarin et al. 2009).

1.1.1.3 Genetically engineered plants

Genetically engineered plants can be used to enhance the plant’s oil yield (e.g., increased protein and
oil content in corn), incorporate noble attributes (i.e., plants resistant to drought and diseases), and
suppress undesirable properties (Sticklen 2006; Sticklen 2008; Du et al. 2008; Gressel 2008). For
example, oilseed rape (canola oil) is a naturally producing methyl bromide, an ozone-depleting
chemical. Suppression of the methyl bromide-producing gene was achieved by a transfer DNA
disruptive insertion into the gene, resulting in plants that produced less than 1% the amount of methyl
bromide as the wild type (Rhew et al. 2003). This field is expected to grow in achieving sustainable
biodiesel or biofuel production, especially to create new bioenergy crops that are not associated with
food crops. Examples of such crops are poplar, switchgrass, miscanthus and big bluestem which are
considered to have energetic, economic and environmental advantages over food crops (Stewart
2007). However, precaution on biosafety must always be considered for genetically engineered crops

(Gressel 2008).
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1.1.2 Cleaner emissions

One of the attractions to biodiesel is its biodegradability and being more environmentally benign than
fossil fuels, resulting in less environmental impact upon accidental release to the environment.
However, as a vehicular fuel, there are numerous studies on the safety, health and environmental
effects of biodiesel emissions (Gaffney and Marley 2009; Huo et al. 2009; Karavalakis et al. 2009;
Liu et al. 2009; MacPherson et al. 2009).

Five methyl ester biodiesel samples (palm oil, soybean, rapeseed, cottonseed, and waste
cooking oil methyl esters) were run on a Cummins ISBe6 direct injection engine, comparable with the
Euro III diesel engine standards, and tested for emissions (Wu et al. 2009). Results are comparable to
previous studies (Chincholkar et al. 2005; Lapuerta et al. 2008) showing the reductions in particulate
matter ranging from 53 to 69%; dry soot ranging from 79 to 83%; hydrocarbons ranging from 45 to
67%; and carbon monoxide ranging from 4 to 16% compared to petroleum diesel. However, nitric
oxides (NOy) show slight increase ranging from 10 to 23%. Reasons for the variations of the emission
performance of each methyl ester are associated with the oxygen content and viscosity of the methyl
esters, resulting from the properties of the feedstock.

There are many efforts in further improving the quality of emissions from biodiesel-
containing fuels. Blending biodiesel, ethanol, and diesel known as diesterol has been investigated (Shi
et al. 2005; Chen et al. 2008; Rahimi et al. 2009). Ethanol works as a fuel oxygenate — to increase the
oxygen content, which is desirable to increase the Octane Number? of the fuels; however, addition of
ethanol reduces the heat content (gross heat content of ethanol, diesel (No. 2), and methyl soyate are
27.0, 42.5, and 38.0 MJ/kg, respectively) (Shi et al. 2005; Chen et al. 2008). Addition of biodiesel
compensates the heating value loss due to the addition of ethanol, and increases the fuel stability and
the cold flow properties (Shi et al. 2005; Rahimi et al. 2009). In general, the torque of engine almost
reduces linearly with the addition of ethanol to diesel fuel due to the low heating value of the ethanol.
Biodiesel-ethanol-diesel blends reduce smoke and PM significantly, while NOx remain the same or
slightly increased. Nevertheless, the reductions of HC and CO emissions vary with the operating
conditions.

Lin et al.(2008) reported the use of emulsified biosolution — biodiesel/diesel blends to
increase energy saving and to reduce pollution from diesel engines. The biosolution is prepared from
natural organic enzyme-7F (96.5 wt.%) and water (3.5 wt.%), a blend that is stabilized with
surfactant, and results in reduction of PM and polycyclic aromatic hydrocarbons (PAHs) emissions
from diesel engines compared to diesel and biodiesel-diesel blends. Further investigations are

required, especially on the economics of using enzymes.

* Octane number (ON) is a rating for gasoline, where higher values of ON indicate greater resistance to
autoignition and therefore lower potential to experience engine knock. Whereas, diesel fuel ignition is rated by
its cetane number (CN), where fuels with higher values of CN ignite more readily than fuels with lower CN
values (Westbrook et al. 2011).
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It is known that fuel oxygenates reduce hazardous emissions from diesel engines. Jaecker-
Voirol et al. (2008) reported an emission performance test for various biodiesel formulations
including di- and tri-glyceryl ethers-biodiesel blends releasing less regulated and toxic air pollutants
compared with biodiesel alone. The detailed mechanism as to why the di- and tri-glyceryl ethers-
biodiesel blends have better emission quality, however, is not clearly understood. Glycerol has long
been known to produce mono-, di-, and tri-tert-butylglycerol ethers via etherification reaction using
isobutylene or fert-butanol in the presence of solid acid catalyst such as Amberlyst-15 (Klepacova et
al. 2003; 2005; 2006; 2007). Blending di-, and tri-fert-butylglycerol ethers with biodiesel improve the
cloud point and pour point of biodiesel (Noureddini 2001). Moreover, they can replace the banned
methyl tert-butyl ether (MTBE) as fuel oxygenates. MTBE was found to be recalcitrant and harmful
to humans (Mehlman 1995; Borak et al. 1998; Ahmed 2001; Mehlman 2002), and has been fully
banned as fuel oxygenate in the US since 2006 due to contamination in the surface and ground waters
(Siminiceanu 2007). However, the use of isobutylene to produce di- and tri-glyceryl ethers from
glycerol needs further research as isobutylene is expensive, as is currently made from non-renewable
source and requires high pressure for the glycerol etherification reaction. Several other fuel additives
as fuel oxygenates have been reported such as dimethoxymethane, butyl methyl ether, 1,2-
dimethoxyethane, 2-methoxyethyl acetate, 2-ethoxyethyl acetate, and diethylene glycol dimethyl
ether (Bruno et al. 2011).

A recent study by Theinnoi et al. (2012) showed that emissions can be reduced by the diesel
particulate filter via addition of H, with a diesel oxidation catalyst. A H,-assisted diesel oxidation
catalyst upstream of the diesel particulate filter improved the regeneration activity by promoting the
oxidation of the engine-out NO into NO,. However, further investigation needs to be done to
understand the actual function of H, over the diesel oxidation catalyst and its ability to promote the

NO-NO, oxidation reaction.

1.1.3 Diversification of products derived from biodiesel glycerol

With the increase in biodiesel production world-wide, the market saturation of glycerol, a by-product
of biodiesel production, is inevitable (Johnson and Taconi 2007). Besides the application to produce
glyceryl ethers discussed previously, there are many other applications for use of crude glycerol as
listed below, albeit not exhaustive:
1) Catalytic conversion: Propylene glycol, propionic acid, acrylic acid, propanol,
acrolein, propanediol, etc. ( Holser 2008; Zheng et al. 2008; Zhou et al. 2008).
(ii) Biological conversion: Citric acid, sophorolipids, 1,3-propanediol, etc. (Bergman et
al. 2008; Goetsch et al. 2008; Gu et al. 2008).
(iii) Fuel oxygenates: Acetal (2,2-dimethyl-1,3-dioxolan-4-yl) (Garcia et al. 2008).
@iv) Production of H, and syngas via steam gasification of glycerol (Iriondo et al. 2006;
Adhikari et al. 2008).

V) As carbon source for bioreactors treating Acid Mine Drainage (Zamzow et al. 2006).
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(vi) Agricultural usage: Broiler feed (Cerrate et al. 2006); pig feed (Della Casa et al.
2009).

1.1.4 Policy and government incentives

The energy policy may include international treaties, legislation on commercial energy activities
(trading, transport, storage, etc.), incentives for investment, guidelines for energy production,
conversion, and use (efficiency and emission standards), taxation and other public techniques, energy-
related research and development, energy economy, general international trade agreements and
marketing energy diversity (Demirbas 2009). Globally, current energy policies reflect environmental
issues including developing environmentally friendly technologies, and increasing energy security
and clean energy supplies (Hammond et al. 2008; Monni and Raes 2008; Hoekman 2009; Sawyer
2009). In targeting reductions in GHGs, EU, Brazil, Canada and others have mandated the use of
biofuels in recent years (Mabee 2007; FAO 2008). For instance, the establishment of the Directive on
the promotion of the use of biofuels for transport in the EU (Directive 2003/30/EC) mandates an
increasing share of biofuels from 2% of total fuel supply in 2005 to 5.75% of total supply in 2010
(based on energy content) (Mabee 2007). The implementation of this directive triggers a huge demand
for biodiesel, not to mention the target by other large countries like the US and Canada. This type of
policy is crucial for the establishment of the biodiesel industry. However, the target of 2% by 2005
was not achieved in all EU countries, and the share of biofuels in fuel consumption amounted to
1.06% in 2005 in the EU-27 and to 2.6% in 2007. Only Germany and Sweden exceeded the 2005
target with 3.86% and 2.11% biofuels use in total fuel consumption, respectively (Ziolkowska et al.
2010). Despite a steady increase in biofuels consumption, and stagnate use of fossil fuels, the EU did
not achieve its Directive 2003/30 target in 2010 (Flach et al. 2011).

Government incentives play an important role in sustaining the biodiesel industry especially
during the economic crisis. There are many incentives that can be offered by a government to spur the
industry and maintain its sustainability, such as crop plantation in abandoned and fallowed
agricultural lands, and lands that currently sequester little carbon, and subsidies such as discounted
soil fertilizers and financial aid to the local farmers (Wassell Jr. and Dittmer 2006; Ewing and Msangi
2009). Incentives can be in the form of improved water management and conservation practices, or to
compensate the financial disadvantages if compared with the cultivation of good agricultural land.
Implementation of carbon tax that rewards the use of renewable fuels including biodiesel and its
blends (i.e., less tax or tax free fuel) over fossil diesel can catalyze the biodiesel industry (Kahn and
Franceschi 2006; de Gorter et al. 2011).

One of the issues that can inhibit the development of the biodiesel industry is the various
levels of commitment from the global community towards the reduction of GHG emissions,
especially during the economic recession. As the GHG emission is closely related to the industrial
activity of a country, not all countries agree on the target to reduce their GHGs emissions. There must

be a mechanism to encourage wider participation of the global community, such as flexible GHGs
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emissions reduction target, to cultivate a ground which will further promote the use of renewable

fuels (Patz et al. 2007).

1.1.5 Conclusions

Biodiesel is gradually gaining acceptance in the market as an environmentally friendly alternative
diesel fuel. However, for biodiesel to establish and continue to mature in the market, various aspects
must be examined and overcome. Some of the key issues such as improving the efficiency of the
production process, using low cost feedstock, developing cost effective catalysts, and managing
agricultural land have been reviewed. As with any new technology or products, biodiesel will require
continuous production efficiency and market penetration especially in producing cleaner emissions
and having less impact on the environment. Further development on the use of the by-product will
enhance the economic viability of the overall biodiesel production process. Finally, the incentives
posed by the government resulting in the promotion of the biodiesel production and usage will assist

in establishing biodiesel as a renewable, alternative fuel.

1.2 Research motivation

As discussed earlier, two ways to improve biodiesel processes are through the effective conversions
of free fatty acids and triglycerides into fatty acid alkyl esters, and efficient conversion of glycerol
into fuel oxygenates. These improvements may be achieved with an effective solid acid catalyst.

The discovery of sugar catalyst, a carbon-based catalyst, discussed previously, paves the way
for the development of effective solid acid catalyst. Sugar catalyst can potentially be a substitute for
sulfuric acid as the catalyst in the esterification and transesterification of waste oil. Hence, further
improvement of the carbon-based catalyst would potentially contribute to the improvement of
biodiesel processes. Carbon-based solid acid catalyst has many advantages including renewable
carbon precursors, inexpensive, and a well-researched material. Therefore, the ability to enhance the
surface area, porosity, and total acidity of the sugar catalyst allows a deeper understanding on the
carbon-based catalyst catalytic performance with respect to its physical structure and chemical
functionalization.

Hence, the aim of this study is to develop effective carbon-based catalysts for esterification of

free fatty acids, and etherification of glycerol reactions.

1.3 Hypothesis and research objectives

The hypothesis of this study is that a catalyst with higher surface area, mesoporosity, and total acidity
may performs better compared to non-porous sugar catalyst with low surface area towards
esterification, transesterification and etherification reactions. Since sugar catalyst is nonporous and
has a very low surface area, enhancement of its surface area and porosity is anticipated to increase its
catalytic activity and applicability to a wider reaction.

In order to prove these hypotheses, this study is carried out to achieve the following objectives:

1. To synthesize a high surface area, mesoporous, and high acidity carbon-based catalyst.
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2. To characterize the carbon-based catalyst, chemically and physically.
3. To evaluate the catalytic activity of the carbon-based catalyst for the esterification of oleic

acid, and the etherification of glycerol reactions.
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Chapter 2 Role of silica template in the
preparation of sulfonated mesoporous carbon
catalysts

2.1 Introduction

Since the discovery of sugar catalyst (Toda et al. 2005), also known as sulfonated carbon catalyst (Mo
et al. 2008a), the progress of carbon-based catalyst development has increased rapidly especially for
biodiesel production. An acid sugar catalyst is prepared by incomplete carbonization of sugar,
followed by sulfonation. The resulting catalyst has the activity comparable to sulfuric acid in
esterification of oleic acid (Nakajima et al. 2007), and is more active than sulfated zirconia,
Amberlyst-15 and niobic acid in transesterification of waste vegetable oil (Zong et al. 2007).
Carbon-based catalysts have several advantages as solid catalysts because of the unique
properties of carbon possessing sp, sp” and sp’ hybridized atoms resulting in the ability to make
different structures, such as layers, tubes and spheres. Carbon can be in amorphous to crystalline
structures — easily functionalized especially in the amorphous form. Furthermore, it can be activated
to produce high surface area and large porosity material with hydrophobic surface — an important
property especially for functional group such as sulfonic acid as it is easily deactivated by water.
Because of these advantages, research using carbon as a catalyst has increased: renewable and
inexpensive carbon precursors based on sugars (Toda et al. 2005; Budarin et al. 2006; Budarin et al.
2007), wood (Kitano et al. 2009), vegetable oil asphalt (Shu et al. 2009), glycerol (Prabhavathi Devi
et al. 2009); carbon composites (Mo et al. 2008b; Liu et al. 2009), as a solid basic catalysts (Villa et
al. 2009); as sulfonated-multiwalled carbon nanotubes (Shu et al. 2009); and as ordered mesoporous
catalysts (Tanaka et al. 2005; Wang et al. 2007; Xing et al. 2007a; Liu et al. 2008; Peng et al. 2010).
Considerable attention has been directed towards synthesizing mesoporous and high surface
area carbon-based catalysts owing to their potential for higher activity and wider application
compared with the low surface area sugar catalyst (Liu et al. 2008; Liu et al. 2009; Peng et al. 2010).
Several methods have been reported to synthesize sulfonated mesoporous carbon such as the use of
silica template (Xing et al. 2007b; Peng et al. 2010), and chemical activation (Kitano et al. 2009).
Silica template is a popular approach because of its tunable porosity. Researchers reported the similar
observation that silica template prevented the internal porosity from collapsing during the sulfonation
process (Xing et al. 2007b; Peng et al. 2010). However, there are no data reported on the activity of
the internal porosity-collapsed catalysts. This leaves a gap in understanding the role of the silica
template during the sulfonation step. As a result, the effects of the surface area, pore size, total
acidity, and density of SOs;H groups on the activity of a carbon-based catalyst are not well understood.
In addition, previous papers overlook the relative importance of surface area vs. acidity on the activity

of the carbon-based catalysts.
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In this chapter, mesoporous carbon catalysts preparation using the silica templating method
via the confined activation process is presented. Moreover, the role of the silica template on the
effectiveness of sulfonation process in the synthesis of mesoporous carbon catalysts is investigated.
The resulting catalyst characterized by the surface area, porosity, total acidity, and sulfur content is

tested for the activity on esterification of oleic acid.
2.2 Experimental

2.2.1 Preparation of carbon-based catalysts

The sugar catalyst was prepared according to the procedure reported by Toda et al. (2005).
Mesoporous carbon was prepared with modification to the confined activation process (Hu et al.
2006). A typical confined activation process consists of three preparation steps: (1) the formation of
silica/sucrose nanocomposites that contain phosphoric acid, an activation agent often used in the
production of commercial activated carbons; (2) carbonization of the nanocomposites in an inert
atmosphere; and (3) dissolution of the silica/phosphoric templates (Hu et al. 2006). The modification
done in this study consisted of the use of D-glucose as carbon precursor with the molar ratio of
phosphoric acid to tetraethyl orthosilicate (P/Si) as 0.31 and the pyrolysis temperature of 400°C under
nitrogen for 4 h. The use of D-glucose and the pyrolysis temperature of 400°C were to produce
incomplete carbonized carbon, a core material in the preparation of the sugar catalyst. The resultant
black solids were ground using a mortar and pestle and then sieved to contain < 250 um size
particles. The particles were then divided into two: one was washed with 20 wt.% HF and deionized
water to remove silica and phosphoric components, followed by sulfonation with the loading of 323
mmol fuming sulfuric acid (20 wt.% free SOs) in 1 g washed char at 150°C under nitrogen for 15 h -
denoted as CMK-w-SO;H; and the other half was sulfonated (similar procedure to the preparation of
CMK-w-SO;H), followed by the removal of silica and phosphoric components - denoted as CMK-
SO3;H-w, where ‘CMK’ refers to the mesoporous char, ‘w’ refers to the removal of silica template
step, and ‘SO;H’ refers to the acid functionalization. The removal of the silica template was
confirmed by X-ray Photoelectron Spectroscopy (XPS) analysis, and the final CMK-SO;H-w and
CMK-w-SO;H were washed repeatedly with hot distilled water until the pH of the washed water
became neutral and no sulfur ion was detected (Details of the procedure for sulfate ions detection are
given in Appendix A.1). The catalysts were dried in an oven at 110°C overnight and stored in a
desiccator until use. Sugar catalyst, CMK-w-SOs;H, and CMK-SO;H-w are all referred to as carbon-

based catalysts.

2.2.2 Characterization of the carbon-based catalysts

The specific surface area, pore size, and pore size distribution of the samples were analyzed based on
the nitrogen adsorption isotherm measured at -196°C using a Porosimeter Micromeritics ASAP2020.
Samples were degassed at 120°C for 3 h prior to analysis (Details of the procedure are given in
Appendix A.2). Total acidity was measured using the acid-base back titration method on an automatic
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titrator (Metrohm Titrator Model 794 titrino) (The procedure and a sample calculation are given in
Appendix A.3). Sulfur content was determined by elemental analysis performed by Canadian
Microanalytical Service Ltd. (Delta, British Columbia). The analysis of elements on the external
surfaces of the samples was done using X-ray Photoelectron Spectroscopy (XPS) (Model Leybold
MAX200 XPS). The X-ray was an Al K-alpha X-ray (15 kV, 20 mA emission current) with the pass
energy for survey scan and narrow scans were 192 and 48 eV, respectively. (A sample calculation of
SO;H concentration is given in Appendix A.4). Infrared (IR) spectra were recorded using the Varian
FT-IR spectrometer (3100 spectrometer) equipped with attenuated total reflectance (ATR).
Approximately 10 mg of sample was used in the measurement done under ambient conditions. The
FT-IR settings were: speed at 5 kHz; filter of 1.2; resolution at 4 cm™; sensitivity of 1; aperture of
0.25 cm’'; undersampling ratio (UDR) of 2. The thermal stability of the carbon-based catalysts was
examined on a thermo-gravimetric analyzer (TGA), an instrument that capable for simultaneous
TGA/DSC (TA Instruments). In a typical thermo-gravimetric analysis, approximately 20 mg of
sample was placed in a crucible and purged with nitrogen at 30°C for 30 min at the flow rate of 100
mL/min, then the heating was ramped at 10°C/min to 400°C under the flow of nitrogen at 100
mL/min.

2.2.3 Catalyst activity

The activity of the carbon-based catalysts and sulfuric acid towards esterification of oleic acid with
methanol was tested in a batch reactor (STEM-OMNI Reacto Station 6100), at 80+2°C under reflux,
stirred at 800 rpm. The molar ratio of methanol to oleic acid was 10 to 1, and the amount of catalyst
was 7 wt.% based on oleic acid. 250 mmol of methanol, and 25 mmol of oleic acid were used as
reactants. Sampling was performed at 4, 10, and 24 h into the reaction. In a typical sampling
procedure, 60 puL of sample was taken from the reaction mixture, diluted with heptane, then
centrifuged at 10,000 rpm for 10 min. The supernatant was then further diluted with heptane and
analyzed on a GC-MS (Varian) using a VF-5ms column. The temperature program was 150°C ramped

at 20°C/min to 280°C, using helium as the carrier gas with a column flow of 2 mL/min.
2.3 Results and discussion

2.3.1 Preparation of the carbon-based catalysts

The information on chemical elements on the surface of the sample was studied using X-ray
photoelectron spectroscopy (XPS). XPS spectra are obtained by irradiating a material with a beam of
X-rays while simultaneously measuring the kinetic energy and number of electrons that escape from
the top 1 to 10 nm of the material surface. Argon gas was used to sputter the material surface. Figures
2-1 to 2-3 show the XPS analysis of the CMK char, CMK-w-SO3;H, and CMK-SO;H-w. The main
purpose of the XPS analysis is to verify the removal of the silica template used during the preparation
of the carbon-based catalysts. Figure 2-1 shows the detection of P and Si at binding energies of 134
eV and 104 eV, respectively, while carbon is detected at 284 eV. This indicates that the D-glucose is
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effectively carbonized at 400°C using the confined activation process. Figures 2-2 and 2-3 show no
detection of Si confirming the Si template being completely removed from the samples. The detection
of peak at 168 eV in Figures 2-2 and 2-3 was attributed the energy of electron ejected of S 2p orbital,
this corresponds to the oxidation state of -SO;H (Takagaki et al. 2006). Since there is only a single

peak associated to S, this suggests that all S atoms are contained in SOs;H groups.
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Figure 2-1 XPS analysis of CMK char.
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Figure 2-2 XPS analysis of CMK-w-SO;H.
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Figure 2-3 XPS analysis of CMK-SO;H-w.

2.3.2 Characterization of the carbon-based catalysts

The particle characterization using N, isotherm at -196°C is a useful tool to obtain information on
specific surface area, pore diameter, pore volume, and pore volume distribution. This information is
essential to understand the property and the activity of the catalyst, as well as to provide guidance for
catalyst design in terms of controlled surface area and pore size distribution. Specific surface area can
be calculated using various equations such as single point surface area at p/p® of 0.2, BET, Langmuir,
t-Plot micropore, and t-Plot external surface area. In this thesis, the specific surface area was taken
from the BET value which takes into account the multilayer adsorption as opposed to a single layer
adsorption used by the Langmuir equation, and is considered to be more accurate (Brunauer et al.
1938). Pore volume was taken from the Barrett-Joyner-Halenda (BJH) desorption cumulative volume
of pores between 17 and 3000 A, while pore size was taken from the adsorption average pore width
(4V/A by BET). Pore size distribution was taken from BJH desorption data. As shown in Figure 2-4,
the nitrogen sorption isotherm was used to characterize the carbon-based catalysts and the silica
template-removed char (CMK-w). CMK-w and CMK-SO;H-w showed a typical type IV isotherm
with significant hysteresis. CMK-w showed the highest amount of nitrogen adsorbed, reduced slightly
for CMK-SOsH-w, and a very low adsorption for CMK-w-SO;H and sugar catalyst. The large amount
of nitrogen adsorbed by CMK-w can be attributed to its high surface area as a result of the confined
activation process. The sequence of sulfonation and washing (removal of the silica template)
significantly affected the surface area of the char.

Sulfonation after removing the silica template as occurred in CMK-w-SOs;H caused a total

destruction of the internal pores (Table 2-1), whereas the sulfonation before removing the silica
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template retained 67% of the initial surface area of the char. This indicated that the sulfonation caused
the internal pores to collapse; however, as a comparison, the collapse of the internal pores was
minimal with silica template intact in the sample during sulfonation. This suggests that the silica
template served as a barrier for the sulfuric acid from reaching the internal surface, in agreement with
Xing et al. (2007b) and Peng et al. (2010). In contrast, sugar catalyst and CMK-w-SOs;H showed a

very low nitrogen adsorption reflective of a non-porous material.
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Figure 2-4 N, adsorption isotherms of CMK-w, CMK-SO;H-w, and the sugar catalyst
measured at -196°C. Sorption isotherm of CMK-w-SOsH is not shown as it overlaps with the
sorption isotherm of the sugar catalyst.

The porosity of the char and the carbon-based catalysts were analyzed using the Barrett-Joyner-
Halenda (BJH) method, as shown in Figure 2-5. CMK-w and CMK-SO;H-w showed mesoporous
characteristics with the average pore size ranging from 4 to 7 nm (Figure 2-5). CMK-SO;H-w
indicated a bi-modal distribution of pore size. The pore volume of CMK-SO;H-w decreased by 33%
compared with the CMK-w. The reduction of pore volume and the low surface area of the CMK-w-

SO;H indicate that the internal walls of the porous char collapsed during sulfonation.
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Figure 2-5 BJH (desorption) pore size distribution plots of CMK-w and the carbon-based
catalysts. Porosity of CMK-w-SO;H was undetectable.

Table 2-1 Characteristics and catalytic activity of the samples.

N, adsorption®  Total acidity” Initial formation rate‘ basedon  [MO]’,

Catalyst  —< P D. P.vV. mmolg’  Weight  SA  Acidity mmolL’
CMK-w 880 4.8 124 i i i i i
CMK-w-SO;H <l - - 4.04 9.1x1.1 45 1.1 15504252
CMK-SO;H-w 588 53 0.83 2.52 34¢12  29x10° 07 633x130
Sugar Catalyst <l - - 3.89 8.1x14 40 1.0 1561%554
H,S0, S 20.4° 11.2+1.4 i 03 14774365

* BET surface area (S.A.) in mz/g; pore diameter (P.D.) in nm; pore volume (P.V.) in cm’/ g.
" By acid-base back-titration.
¢ Calculated for the first 4 h. Unit: Weight (mM/min.gcat); Surface area (mM/min.m?);
Acidity (mM/min.mmol H)
¢ Average of 4-6 measurements with standard deviation.
¢ From the data of Toda et al. (2005)

The information on functional groups and the chemical structure of the sample was studied
using a Fourier transform- Infrared (FT-IR) technique. FT-IR is a technique which is used to obtain an
infrared spectrum of adsorption of a solid, liquid, or gas. In infrared spectroscopy, IR radiation is
passed through a sample. Some of the infrared radiation is absorbed by the sample and some of it is
passed through (transmitted). The resulting spectrum represents the molecular absorption and
transmission, creating a molecular fingerprint of the sample. Like a fingerprint, no two unique

molecular structures produce the same infrared spectrum. The measured interferogram signal can not
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be interpreted directly. A means of “decoding” the individual frequencies is required. This can be
accomplished via a well-known mathematical technique called the Fourier transformation. This
transformation is performed by the computer which then presents the user with the desired spectral
information for analysis (Thermo Nicolet Corporation 2001). The spectrum can be related to the
spectra library or from the published literature to identify the functional group or structure of the
sample being analyzed. As shown in Figure 2-6, the FT-IR analysis of CMK-w-SO;H, sugar catalyst
and CMK-SO;H-w showed peaks at 1742 cm! and 1032 cm'l, which can be assigned to the SO;H
groups (Takagaki et al. 2006; Nakajima et al. 2007). These peaks were also detected in CMK-SO;H-w
but weaker on 1032 cm'. All samples showed a strong band at around ~1600 cm™ due to C=C
stretching (Xing et al. 2007a; b). Furthermore, the broad band at 1260 cm™ and the overlapping band
at 1700 cm™' for the carbon-based catalysts can be assigned to the aryl-hydroxyl (Ar-OH) (Kellner et
al. 2004; Xing et al. 2007b; Andreas Stein et al. 2009), and carboxylic acids (Boehm 2002) stretching,
respectively. The overall FT-IR analysis suggests that the carbon-based catalysts consist of polycyclic
aromatic carbon sheets containing SOsH, COOH, and OH moieties, in agreement with the published
literature for acid-functionalized incomplete carbonized sugars (Toda et al. 2005; Wang et al. 2007;

Peng et al. 2010).

Sugar catalyst

CMK-w-SO;H

CMK-SO,H-w

Absorbance [a.u.]

CMK-w

2000 1800 1600 1400 1200 1000 800
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Figure 2-6 FT-IR spectra of char and the carbon-based catalysts.

The chemical composition of the carbon-based catalyst was analysed using elemental analysis
technique. In contrast to the XPS technique where the elemental composition is analyzed only on the
surface of the material, a chemical elemental analysis provides the elemental composition of the bulk
of the material. Tables 2-2 and 2-3 show the elemental analysis and XPS studies (up to about 10 nm

surface depth) of the carbon based catalysts, respectively. According to Table 2-2, the amount of C,
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0, and S in CMK-w-SO;H and sugar catalyst are relatively close. On the other hand, the ratio of O to
S against C is much less in CMK-SO;H-w. This is in agreement with the XPS analysis for CMK-w-
SO;H. These analyses, coupled with the FT-IR study, suggest that CMK-w-SO;H and sugar catalyst
consist of polycyclic aromatic carbon sheets that are higher in SOs;H, COOH, and OH functional

groups, compared to CMK-SO;H-w.

Table 2-2 Elemental analysis of the carbon-based catalysts.

Elemental composition (wt. %) Ratio to C
Catalyst C H [0 S H:C 0:C S:C
CMK-w-SO:H 57.55 1.90 33.12 4.13 0.03 0.58 0.07
CMK-SO;H-w 70.32 2.36 19.58 1.71 0.03 0.28 0.02
Sugar catalyst 56.18 2.39 30.65 4.17 0.04 0.55 0.07

Table 2-3 XPS analysis of the CMK-w-SO;H and CMK-SO;H-w.

Elemental composition (wt.%) Ratio to C
Sample
C (0] S 0:C S:C
CMK-w-SO;H 73.60 24.38 1.55 0.33 0.02
CMK-SO;H-w 84.39 14.68 0.47 0.17 0.01

The thermal stability of the sample was investigated using a thermo-gravimetric analysis
(TGA) technique. In a TGA technique, a sample is heated at the desired temperature program under a
constant flow of gas. Heating under inert gas such as nitrogen enable the collection of information on
the decomposition of the sample due to thermal alone; whereas, heating under air provides the
decomposition due to thermal and combustion reactions. The weight loss of the carbon-based
catalysts sample can be associated with the decomposition of the functional groups as well as the
carbon structure. Figures 2-7 and 2-8 show the thermo-gravimetric (TGA) and the differential thermal
analyses (DTA) of carbon-based catalysts under nitrogen, respectively. Weight loss at 100-115°C is
associated with the evaporation of moisture. CMK-w-SO;H and sugar catalyst showed similar trends
of decomposing at around 236 and 247°C, respectively. This is contrary to CMK-SO;H-w where it is
thermally more stable than the CMK-w-SOs;H and sugar catalyst. This can be explained from the
elemental compositions that CMK-SOs;H-w is predominant in C. CMK-SO;H-w had a relatively
higher amount of C compared with CMK-w-SO;H possibly because during the sulfonation process,
the silica template blocked the sulfuric acid from reaching to the carbon surfaces, leaving significant
carbon surface unreacted with the sulfuric acid. This most likely explains why CMK-SO;H-w had

higher amount of C, but lower total acidity compared with CMK-w-SO;H.
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Figure 2-7 Thermo-gravimetric analysis (TGA) of the sugar catalyst, CMK-w-SOsH, and
CMK-SO;H-w under nitrogen.
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Figure 2-8 Derivative thermal analysis (DTA) of the sugar catalyst, CMK-w-SO;H, and
CMK-SO;H-w under nitrogen.

The SEM and TEM images of the carbon-based catalysts are shown in Figures 2-9 and 2-10,
respectively. The SEM images show the physical change in CMK-w-SOs;H compared with the CMK-

w. As a result of the harsh sulfonation process, the porosity in the CMK-w was destroyed and the
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collapsed-walls appeared as flakes in Figure 2-9 (b). The TEM images (Figure 2-10) appear to be
similar to the TEM images reported by Hu et al. (2006) for a carbon material prepared by the confined
activation process. The random pattern of black and white spots in the images may suggest that they
are disordered amorphous materials, in agreement with the conclusion drawn by Hu et al. (2006). The
route of the production of the carbon-based catalysts showing the hard silica template process and the

effect of different sulfonation sequence on the porosity can be described as in Figure 2-11.

WD14.7mm 20.0kV x2.0k 20um

Figure 2-9 SEM images of: (a) CMK-w; (b) CMK-w-SOs;H; (c) CMK-SOs;H-w; and (d) Sugar
catalyst.

2.3.3 Role of silica template on the characteristics of the carbon-based catalysts

Data on pore size and pore volume (Table 2-1) provide insight on the effect of sulfonation on the
internal porosity of the catalysts with and without the presence of silica template. The total acidity
(Table 2-1) and sulfur content (Tables 2-2 and 2-3) of CMK-w-SO;H were higher than CMK-SO;H-w
despite the higher surface area of CMK-SO;H-w. In addition, sugar catalyst showed a high total
acidity and sulfur content in spite of its low surface area. The surface area and total acidity of sugar
catalyst in this study were comparable to those reported by Mo et al. (2008a) and Peng et al. (2010)
Data obtained for total acidity of CMK-SO;H-w was comparable to CMK-3-873-SO;H catalyst
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reported by Peng et al. (2010). Note that CMK-3-873-SOs;H was prepared at 600°C, whereas CMK-
SO;H-w at 400°C. In comparison, though CMK-w-SO;H lost its internal porosity, it yielded a high
total acidity and sulfur content which may suggest that functionalization by the SOsH groups occurred
on the outer surface of the char. This was further confirmed by a large total acidity and sulfur content
of the sugar catalyst even though it was a non-porous material. In order to understand the significance
of the catalysts characteristics on its activity, the carbon-based catalysts and sulfuric acid were used to

catalyze the esterification of oleic acid with methanol.

o nmfll e — 20 nm

Figure 2-10 TEM images of: (a) CMK-SO;H-w; and (b) CMK-w-SO;H showing disordered
amorphous materials.
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Figure 2-11 Schematic illustration of the preparation of CMK-w-SO;H and CMK-SO;H-w.
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2.3.4 Reaction activities

Figure 2-12 shows the activity of the carbon-based catalysts and sulfuric acid on the esterification of
oleic acid with methanol. Sulfuric acid showed the highest initial formation rate compared with the
rest of the carbon-based catalysts (Table 2-1); however, sulfuric acid is not favoured as it is an
unrecoverable homogeneous catalyst, and requires neutralization causing additional cost, and
requiring expensive chemical resistant equipment. The methyl oleate produced by the sugar catalyst,
CMK-w-SOs;H, and H,SO, were comparable in the first 10 h of reaction as shown by their
overlapping error bars (Figure 2-12). The large standard deviation of the experiments was due to
difficulties in getting homogeneous sample during the sampling as the mixture consisted of two
immiscible liquids. CMK-SO;H-w showed the lowest initial formation rate and the concentration of
methyl oleate produced in spite of having the largest surface area.

The results are explained from the total acidity and sulfur content of CMK-SO;H-w. The total
acidity of CMK-w-SOs;H and sugar catalyst mainly comes from the SO3;H groups as indicated by
higher S content (Tables 2-2 and 2-3) in addition to COOH and OH moieties. Whereas, CMK-SO;H-
w had a lower total acidity due to lower S and O content resulting in lower activity. In addition, the
OH and COOH functional groups do not catalyze esterification reaction (Takagaki et al. 2006;
Nakajima et al. 2007). As shown in Table 2-1, the initial formation rate of sugar catalyst is higher
than the CMK-SO;H-w. This result contradicts the data reported by Peng et al. (2010) where the
initial formation rate (in pmol min' g.cat') of sugar catalyst and CMK-3-873-SO;H were
comparable; although, the sugar catalyst had higher total acidity than the CMK-3-873-SO;H. Peng et
al. (2010) concluded that the large pore size of the CMK-3-873-SOs;H contributed to its higher
activity over sugar catalyst, which indirectly suggested that pore size played a more significant role
than the density of SO;H in catalyst activity. Our results suggest that catalytic activity for the
esterification of oleic acid is independent of the specific surface area, and dependent on the total
acidity. This conclusion is also supported by Kitano et al. (2009) for the esterification of acetic acid

by sulfonated porous carbon catalyst.
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Figure 2-12  Activity of the carbon-based catalysts and sulfuric acid for comparison on the
esterification of oleic acid. Reaction conditions: molar ratio of methanol to oleic acid at 10 to 1, 7
wt.% catalyst based on oleic acid, reaction temperature at 80°C, and stirrer speed at 800 rpm. Error
bars indicate the standard deviation of 4-6 runs.

In a broader perspective, the findings showed that the development of higher surface area and
mesoporous carbon-based catalysts might not be helpful in increasing the activity without having the
high total acidity, in particular the SO;H functional groups. Nevertheless, it is anticipated that
mesoporous and high surface area carbon-based materials with high acidity could become effective
catalysts with wider application. In addition, the possible recovery of the silica as opposed to disposal
together with the hydrofluoric acid needs to be explored for making the preparation process more
economical. Other sulfonation techniques such as non-covalent functionalization via n-n bonding may

be worth investigating.

24 Conclusions

The role of silica template on the preparation of sulfonated mesoporous carbon catalysts has been
investigated based on the surface area, pore size, pore volume, total acidity, sulfur content, and
esterification of oleic acid. The silica template method via the confined activation process technique
produced disordered mesoporous sugar char at low pyrolysis temperature (400°C). Sulfonation before
removing the silica template retained 67% of the surface area, while decreasing the pore volume by
33% relative to the sugar char (CMK-w). On the other hand, sulfonation after removing the silica
template totally collapsed the internal pores. Silica template provided support to the internal pores of

the char, but prevented sulfuric acid from effectively reaching the internal surface during the
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sulfonation process. The esterification of oleic acid was dependent on the total acidity, but
independent of the surface area. In general, the development of mesoporosity and high surface area

carbon-based catalysts are not useful without having the high acidity.
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Chapter 3 Controlled functionalization of
amorphous carbon using multiple vapour phase
sulfonation

3.1 Introduction

Solid catalysts are widely preferred over liquid catalysts in industry due to their controllable physical
and chemical properties (Sheldon and van Bekkum 2001). In the design of a solid catalyst, high
surface area, mesoporous, and high total acidity are often the important characteristics. Nevertheless,
the synthesis of a solid catalyst with these attributes coupled with a high catalytic activity has always
been a challenge. For instance, the effective control over surface area and porosity may not
necessarily promote the control of the acidity or basicity of the catalyst. Furthermore, the catalytic
activity of a solid catalyst can be influenced by its chemical and physical characteristics, as well as
the nature of the reaction such as molecular size of the reactants and products. In addition, factors
such as catalyst deactivation and accessibility of active sites also affect the activity of a catalyst. In
spite of this complexity, the design of a solid catalyst is still crucial. Solid catalysts are also
advantageous based on the ease of grafting the desired functional groups to the surface, e.g.
sulfonation of incomplete-carbonized sugar produce sulfonic acid, carboxylic acid, and hydroxyl
functional groups on the char (Takagaki et al. 2006). The type of catalyst material affects the overall
properties such as thermal stability, hydrophobic properties, electrical conductivity, and cost. In
contrast, liquid catalysts do not have the flexibility of solid catalysts; though they are still used in
industrial processes due to their favourable activity (Bartholomew and Farrauto 2006). Other
advantages of solid catalysts over liquid catalysts are their ease of separation, recovery, and
regeneration, which are crucial in industrial practice (Di Serio et al. 2007; Janaun and Ellis 2010).
Carbon-based catalysts are a relatively new and important class of solid catalysts. The
discovery of the sugar catalyst (Toda et al. 2005) has attracted considerable interest because it can be
prepared from renewable sources such as sugars and cellulose, using low energy in the pyrolysis step
(carbonization temperature ~400°C), and ease of functionalization of the carbon surface by heating in
sulfuric acid to produce acid catalysts. Furthermore, the activity of the sugar catalyst is comparable
with sulfuric acid for the esterification reaction (Takagaki et al. 2006; Zong et al. 2007). The
improvements in preparation, properties, and applications of carbon-based catalysts have been
reported, as summarized in Table 3-1. In general, for the synthesis of carbon-based catalysts,
investigations have mainly focused on the preparation, using new carbon precursors, different
sulfonating agents, and pre-treatment conditions to increase the carbon surface area and porosity.
However, research on improved and effective functionalization techniques is often overlooked. For
example, Table 3-1 shows only one study on the vapour phase sulfonation technique; whereas, all

other investigations have used liquid phase sulfonation. Liquid phase and vapour phase sulfonation
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occur by soaking the char in the sulfonating agent in the former case; whereas, in the latter the char is

suspended in the vapour of the sulfonating agent at the desired temperature. A recent review by Stein

et al. (2009) gives a detailed evaluation of the functionalization of porous carbons. However, to the

best of the author’s knowledge, the effect of repeated vapour phase sulfonation on amorphous carbon

has never been reported. This lack of information, in addition to wanting to explore a more effective

sulfonation process, motivated this aspect of research. In this chapter, a new multi-step

functionalization technique to synthesize high surface area and mesoporous carbon-based catalysts

called multiple vapour phase sulfonation is reported. As shown, this technique results in a higher

loading of functional groups onto the char.

Table 3-1 Summary of investigation in the field of carbon-based catalysts.

Carbon precursor ~ Sulfonating agent Sulfonation Surface  Total Ref.
technique area, acidity,
m’g’ mmolg”
Glucose Fuming sulfuric acid ~ Liquid <1 2.5 (Toda et al.
phase 2005)
Starch Sulfuric acid Liquid (Budarin et al.
phase 2007)
Mesoporous Fuming sulfuric acid ~ Vapour phase 447 - -NA (Xing et al.
polymer 539 2007a)
Furfuryl alcohol ~ 4-benzene-diazonium Liquid 610 - 1.17 - (Liu et al.
sulfonate phase 813 1.95 2008)
Wood powder Fuming sulfuric acid ~ Liquid phase 3 -1560 2.40 - (Kitano et al.
9.98 2009)
Glucose Sulfuric acid Liquid 660 - -NA (Nakajima et
phase 1020 al. 2009)
Glucose Fuming sulfuric acid ~ Liquid phase 1-588  2.52-4.04 (Janaun and
Ellis 2011)
Biochar Fuming sulfuric acid  Liquid phase 1-14 0.036 — (Dehkhoda et
3.2 al. 2010)
Glucose Sulfuric acid Liquid phase 2.2 7.2 (Macia-Agullo
et al. 2010)
Cellulose Fuming sulfuric acid ~ Liquid phase  2-3 7.3 (Suganuma et
al. 2010)
Cellulose Fuming sulfuric acid ~ Liquid phase <5 -NA (Fukuhara et
al. 2011)
Sucrose 4-benzene- Liquid phase  39-805 -NA (Geng et al.
diazoniumsulfonate 2011)
Resorcinol- Fuming sulfuric acid  Liquid phase 1 -433 (Suganuma et
formaldehyde al. 2011)
resin
Soluble phenolic ~ Sulfuric acid Liquid phase 44-514 -NA (Tian et al.
resin 2011)
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3.2 Experimental

3.2.1 Multiple vapour phase sulfonation of mesoporous char

The study of multiple vapour phase sulfonation on CMK-w was performed in an experimental setup
as shown in Figure 3-1. The setup consisted of a 1000 mL round bottom flask (Fisher Scientific)
containing 100 mL fuming sulfuric acid (20 wt.% free SO;) (Sigma-Aldrich), placed on a
temperature-controlled heating mantle (Thermolyne). 6 g of CMK-w sample was placed in a
condenser (6 mm inner tube diameter and 30 cm height) and both ends of the tube were plugged with
quartz wool to prevent the sample from escaping. The glass condenser was connected to the round
bottom flask and its other end was connected with a silicon tube, which was dipped into a 1M NaOH.
This was to neutralize the fuming sulfuric acid vapour before it was released in the fume hood. The
temperature of the sample bed was controlled by connecting the condenser to a heat exchanger
(Julabo F12) as shown in Figure 3-1. The type of fluid used in the heat exchanger was R134a

refrigerant.

6

Figure 3-1 A schematic diagram of the multiple vapour phase sulfonation experimental setup: 1 — A
temperature controlled heating mantle; 2 — A 1000 mL volumetric flask with a thermometer port; 3 —
A thermometer; 4 — Quartz wool; 5 — A jacketed condenser, the dotted inner column indicates the
char sample location; 6 — A heat exchanger; 7 — A silicon tube; 8 — A silicon tube; 9 — An Erlenmeyer
flask containing NaOH solution.

The temperature of the heat exchanger was set to 60°C. The temperature of the sample bed
was not directly measured. Fuming sulfuric acid was then heated to 210°C for 4 h. Upon heating,

fuming sulfuric acid vapourized, and the vapour was forced to escape through the char bed and passed
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through the NaOH solution. The contacting between the vapour and char caused the sulfonation
reaction. It was shown through calculation that the vapour would likely to condense in the pores of
the char sample (See Appendix B.1), meaning that, the vapour saturated the char before being able to
pass through the char bed. After sulfonation, the sulfonated char was carefully withdrawn and washed
repeatedly with hot distilled water until the pH of the wash water became neutral and no sulphate ion
was detected (procedure given in Appendix A.1). The sample was dried in an oven at 110°C
overnight. This sample was denoted as VPS1 indicating that the sample char (CMK-w) underwent
functionalization via the vapour phase sulfonation one time. The effect of multiple vapour phase
sulfonation was studied via repeating the sulfonation and washing steps. The sample produced from
sulfonation of VPS1 was denoted as VPS2; while, the sample produced from sulfonation of VPS2
was denoted as VPS3. The effects of char bed temperature and the time for sulfonation on the
characteristics of the sample were studied by the sulfonation of CMK-w at various sample bed
temperatures (22 — 80°C) and sulfonation times (1 — 8 h). All samples were kept in a desiccator at
room temperature until it was further used. VPS1, VPS2, VPS3, and sugar catalysts are termed as the

carbon-based catalysts.

3.2.2 Non-covalent sulfonation of mesoporous char

Non-covalent sulfonation of mesoporous char was done with 1-pyrenesulfonic acid (PSA) in three
types of solvent; ethanol, heptane, and acetone. In a typical experiment, 0.25 g of PSA and 0.5 g of
mesoporous char (CMK-w) were mixed with a 50 mL ethanol, heptane, or acetone in a 125 mL
Erlenmeyer flask separately. The mixtures were sonicated for 30 min at room temperature. The CMK-
w samples were then filtered and dried in a fume hood at room temperature. After that, the samples
were washed with hot distilled water repeatedly until the pH of the water became neutral and no
sulfate ions were detected. The samples were dried in an oven at 110°C overnight, and were analyzed

for total acidity content.

3.2.3 Characterization

The particle size distribution of the samples was measured on a Mastersizer 2000 (Malvern
Instruments), using an approximate sample size of 0.1 g, and the particle refraction index used was
2.420A, a refractive index of carbon (diamond) (Source: Knovel database). The procedures for
porosimetry, total acidity, FT-IR, elemental analysis, XPS, and TGA under nitrogen are similar as
described in Section 2.2.2. TGA under air was also performed. In a typical analysis, a sample (~20
mg) was purged with extra dry air for 30 min at 30°C before the temperature was ramped at 10°C/min

to 700°C under 100 mL/min extra dry air flow rate.
33 Results and discussion
3.3.1 Characterization

3.3.1.1 Samples prepared through the multiple vapour phase sulfonation
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Investigation on effective functionalization of amorphous carbon, a mesoporous sugar char (CMK-w)
prepared via confined activation process, was done by repeating the vapour phase sulfonation with
washing. VPS1, VPS2, and VPS3 were the catalysts obtained after first, second, and third sulfonation
step, respectively.

Figure 3-2 shows the particle size distribution of the carbon-based catalysts. The particle size
mean based on volume weighted mean for VPS1, VPS2, VPS3, and the sugar catalyst were 74, 61,
54, and 65 wm, respectively.
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Figure 3-2 Particle size distribution of VPS1, VPS2, VPS3, and sugar catalyst measured using
Mastersizer 2000.

Figures 3-3 and 3-4 show the adsorption-desorption isotherms and pore size distributions of
CMK-w, VPS1, VPS2, and VPS3. The plots of VPS2 and VPS3 in Figure 3-3 are not readable
because they are smaller in surface area than VPS1 and CMK-w. Figures 3-5 through 3-8 show the
individual plots of VPS2 and VPS3 for their adsorption-desorption isotherms and pore size
distributions. The y-axis (dV/dD) represents the derivation of specific pore volume against pore
diameter. CMK-w and VPS1 had a clear hysteresis with the adsorption-desorption isotherms
identified as Type IV according to the ITUPAC classification (Sing 1982). This indicates that CMK-w
and VPS1 were mesoporous materials. VPS2 and VPS3 had a similar adsorption-desorption isotherm
trend, with a clear hysteresis, but differ from the typical Type IV isotherm. The desorption lines of
VPS2 and VPS3 did not close with the adsorption lines. This might be due to irregular shapes of the
pores where the void is larger than its pore mouth, like an ‘ink-bottle’ shape. It may be plausible that

the condensate produced in the void as a result of capillary condensation could not completely escape
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during desorption due to a narrow pore mouth resulting in the disconnected hysteresis adsorption —
desorption isotherm (Sample calculation of the capillary condensation is given in Appendix B.1).
CMK-w, VPS1, VPS2, and VPS3 showed bimodal pore size distributions with CMK-w and
VPS1 having similar average pore diameters of 4 - 5 nm. The pore volumes of VPS1, VPS2, and
VPS3 decreased as much as 61, 93, and 98%, respectively, compared with the pore volume of CMK-
w. Consequently, VPS1, VPS2 and VPS3 lost its specific surface area as much as 51, 87, and 95%,
respectively. This indicated that the more sulfonation steps the more pore destruction would occur. In
addition, the trend of pore size distribution of VPS1, VPS2, and VPS3 (Figures 3-4, 3-6, and 3-8,
respectively) show shrinking and shifting of the peaks, suggesting that the structure of the pores may
have eroded and collapsed. The mechanism of vapour phase sulfonation is discussed further in

Section 3.3.2.
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Figure 3-3  Nitrogen adsorption and desorption isotherms of VPS1, VPS2, VPS3, and CMK-w

measured at -196°C.
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Figure 3-4 BJH desorption pore size distribution of VPS1, VPS2, VPS3, and CMK-w.
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Figure 3-5 Nitrogen adsorption — desorption isotherms of VPS2 measured at -196°C.
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Figure 3-6 BJH desorption pore size distributions of VPS2. The y-axis is the derivative of specific
pore volume against pore diameter.
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Figure 3-7 Nitrogen adsorption — desorption isotherms of VPS3 measured at -196°C.
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Figure 3-8 BJH desorption pore size distributions of VPS3.

Figures 3-9 through 3-12 show the XPS of CMK-w, VPS1, VPS2, and VPS3. The XPS
analyses indicated that the main elements in all samples were C and O. The major difference among
the samples was the absence of S in sample CMK-w, which was expected since CMK-w had not been
sulfonated. The detection of peak at 168 eV in VPS1, VPS2, and VPS3 was attributed to the energy of
electron ejected from S 2p orbital, which corresponds to the oxidation state of -SO;H (Takagaki et al.
2006). Since there is only a single peak associated to S, this suggests that all S atoms are contained in
SO;H. This is consistent with the literature on the sulfonation of amorphous carbon (Okamura et al.
2006; Macia-Agullo et al. 2010; Fukuhara et al. 2011).

As shown in Figure 3-13, the FT-IR analysis of the carbon-based catalysts showed peaks at
1742 and 1032 cm’', which were assigned to the SO;H group (Takagaki et al. 2006; Nakajima et al.
2007). All samples showed a strong band at ~1600 cm™ due to C=C stretching (Xing et al. 2007a; b).
Furthermore, the broad band at 1260 cm™ and the overlapping band at 1700 cm™ for the carbon-based
catalysts can be assigned to aryl-hydroxyl (Ar-OH) (Kellner et al. 2004; Xing et al. 2007b; Andreas
Stein et al. 2009), and carboxylic acid stretching (Boehm 2002), respectively. The overall FT-IR
analysis suggests that the carbon-based catalysts consist of polycyclic aromatic carbon sheets
containing -SO;H, -COOH, and -OH moieties, in agreement with the published literature on
sulfonated amorphous carbons (Toda et al. 2005; Okamura et al. 2006; Suganuma et al. 2008;
Suganuma et al. 2010; Fukuhara et al. 2011).

Figures 3-14 and 3-15 show the thermal stability of the carbon-based catalysts under N,. The
weight loss at ~90°C is attributed to the loss of moisture. There were two significant weight loss peaks
that occurred at ~240 and ~360°C, which can be associated with the decomposition of the functional

groups. The TGA data indicated that the carbon-based catalysts were thermally stable up to 240°C.
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Figure 3-9 XPS of CMK-w. Inset is the enlarged binding energy at 160 — 180 eV.
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Figure 3-10 XPS of VPS1. Inset is the enlarged binding energy at 160 — 180 eV.
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Figure 3-11 XPS of VPS2. Inset is the enlarged binding energy at 160 — 180 eV.
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Figure 3-12 XPS of VPS3. Inset is the enlarged binding energy at 160 — 180 eV.
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Figure 3-13 FT-IR spectra of VPS1, VPS2, and VPS3.
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Figure 3-14 Thermo-gravimetric analysis of VPS1, VPS2, VPS3 and sugar catalyst under nitrogen.
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Figure 3-15 Derivative thermal analysis of VPS1, VPS2, VPS3 and sugar catalyst under nitrogen

Figures 3-16 and 3-17 show the TGA and DTA of the carbon-based catalysts and CMK-w under air,
respectively. The carbon-based catalysts showed similar thermal stability. The DTA peaks at ~100
and ~240°C can be associated with decomposition of water and the functional groups, respectively.

This result is consistent with the TGA under nitrogen.
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Figure 3-16 Thermo-gravimetric analysis of the carbon-based catalysts under air.
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The composition of the carbon-based catalysts determined by elemental and XPS analyses are

reported in Tables 3-2 and 3-3, respectively. Table 3-2 shows that the H, O, and S concentration

increased as the number of sulfonation steps increased. This suggests that more functional groups

were packed on the char through each sulfonation step. In contrast, Table 3-3 shows that the O and S

concentration increased from the first to the second sulfonation. Second and third sulfonation had

comparable amount of O and S (Note that H is undetectable in XPS analysis technique). Furthermore,

the mole ratio of S:C in chemical elemental analysis (Table 3-2) were 3 — 4 times higher than the

mole ratio of S:C in XPS elemental analysis (Table 3-3). This suggested that the majority of the

functional groups were located away from the surface for VPS1, VPS2, and VPS3, and were

undetectable by the XPS analysis technique.

Table 3-2 Elemental analysis of the carbon-based catalysts.

Elemental analysis (wt.%)

Weight ratio to carbon

Catalyst Empirical formula
H (0] S H:C 0:.C S:C
VPS1 63.81 220 2643 281 0.034 0414 0.044  CHops41100311S0016
VPS2 5837 212 3292 349 0.036 0564  0.060  CHp4330042350002
VPS3 56.10 220 3425 337 0.039 0.611 0.060  CH46700.458S0.023
SC 60.18 2.08 33.18 328 0.035 0.551 0.055 CHy 4120041450020
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Table 3-3 Elemental analysis by XPS technique of the CMK-w and the carbon-based catalysts.

Elemental analysis by XPS (wt.%)

Mole ratio to carbon

Catalyst
(0) S 0:C S:C
CMK-w 92.55 7.30 0 0.059 0
VPS1 80.82 17.62 1.02 0.164 0.00473
VPS2 77.93 20.07 1.13 0.193 0.00543
VPS3 78.27 19.75 1.13 0.189 0.00541

Figures 3-18 and 3-19 show the effect of heat exchanger temperature and sulfonation time on
total acidity and surface area, respectively. The result showed that an increase in heat exchanger set
temperature from 40 to 60°C resulted a 9.8% increase in the total acidity and a 8.6% decrease of the
surface area. However, further temperature increase to 80°C showed that total acidity had increased
only 0.8%, with surface area had decreased to 13.8%. This implied that the increase in temperature
beyond 80°C was not effective in increasing the total acidity, but rather caused internal pores to
collapse. The result showed that 4 h sulfonation time was sufficient to achieve saturation of the char.
Once the char is saturated with sulfuric acid vapour, additional sulfonation time does not significantly
increase the total acidity, this might be attributed to the formation of ‘film’ by the vapour and prevent

the access to the available surfaces.

Figure 3-18 Effect of bed heating temperature on total acidity and surface area. Sulfonation time

was 1 h.
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Figure 3-19 Effect of vapour phase sulfonation time on total acidity and surface area. Reaction

10

temperature was arbitrarily chosen at 60°C.

Figure 3-20 shows the results of vapour phase sulfonation of CMK-w at various char bed
temperatures and sulfonation times. VPS1, VPS2, and VPS3 are labeled on the plot for clarity. The
results showed that the total acidity and the pore volume were correlated to the surface area with
particular trends as shown by the solid lines. The trends implied that the chemical and physical
characteristics of the carbon-based catalysts, prepared via vapour phase sulfonation, were predictable.
Consequently, for the same type of carbon precursor (CMK-w), a change in the sulfonation condition

(i.e., bed temperature, time, and number of sulfonation steps) will likely produce a catalyst that fit the

trends.
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Figure 3-20 The relationship of surface area, total acidity, and pore volume of amorphous carbon
functionalized via multiple vapour phase sulfonation.

3.3.1.2 Samples prepared through the non-covalent sulfonation

The results of total acidity analysis showed that all samples contained no acidity. This suggested that
the non-covalent sulfonation, for the condition used, was not able to graft the 1-pyrenesulfonic acid

(PSA) to the carbon surface through ©-7 bonding.

3.3.2 Vapour versus liquid phase sulfonation

This section discusses the difference and similarity between vapour and liquid phase sulfonation. The
proposed mechanism of multiple vapour phase sulfonation is described in Figure 3-21 (A general
mechanism of aromatic carbon sulfonation is given in Appendix B.2). In the vapour phase sulfonation
process, heating of the fuming sulfuric acid produced sulfuric acid vapour continuously. This caused a
vapour pressure build up in the round bottom flask that forced the vapour to penetrate through the
char bed. This provided efficient contacting between the vapour and the char particles. For instance,
the time taken to achieve sulfonation saturation in this study was only 4 h. In contrast, Xing et al.
(2007a) used 24 h for a vapour phase sulfonation in an enclosed container (in this setup, the sample
was suspended in the vapour phase of heated fuming sulfuric acid in an autoclave reactor).
Furthermore, the highest total acidity achieved by their technique was only 2.5 mmol/g, which was
22% lower than the total acidity of VPS1. The forced flow through the bed had an advantage
compared with theirs because the contacting in their setup depended mainly on the diffusion driven by
the concentration gradient of the vapour between the outer and the inner surfaces of the bed, requiring

a longer time to reach saturation.
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Figure 3-21 Schematic illustration of the multiple vapour phase sulfonation of the mesoporous char:
(a) CMK-w, a disordered mesoporous char, prepared using hard silica templating method; (b) the char
‘rods’ showing the coating of H,SO, film; (c) the washing step removes loosely attached H,SO,
leaving the char with the functional groups and available surface, this is VPS1; (d) the second
sulfonation allows adsorption on the available surface; (e) as a result more functional groups attach to
the char surface, this is VPS2; (f) the third sulfonation causes a complete adsorption of the H,SO, on
the external and internal surfaces of the char; (g) the char is grafted with a maximum amount of
functional groups, i.e., VPS3.

The major difference between liquid versus vapour phase sulfonation is the impact on the
physical and chemical properties of the catalyst. Liquid phase sulfonation of CMK-w caused a total
collapse of its pores; whereas, vapour phase sulfonation caused a 51% loss of surface area and a
reduction of pore volume from 1.3 to 0.5 m’/g as indicated by VPS1 (Table 3-4). This difference can
be attributed to the sulfonation mechanism. In a liquid phase, the capillary effect had caused complete
filling of the internal pores. In addition, the concentration of sulfuric acid in the liquid and vapour
phases were ca. 18.35 and 0.0083 mol/L (at 60°C), respectively (Sample calculation given in
Appendix B.3). Higher sulfuric acid concentration in the liquid phase caused a harsh reaction that
likely destroyed the pore walls. In contrast, a lower sulfuric acid concentration in the vapour phase
caused a milder reaction and more likely preserved the pore walls.

In vapour phase sulfonation, diffusion of vapour promoted the adsorption of the sulfuric acid
vapour, first onto the external surfaces and then into the internal pores of the char particles. It is
speculated that the diffusion and adsorption occurred rapidly causing the formation of a sulfuric acid
“film” around the char particles. In addition, the sulfuric acid vapour condenses in the pores due to
capillary effect. Excess sulfuric acid vapour formed multiple layers on top of the film and rapidly
saturated the char bed, leaving some surface available for adsorption, but unreachable due to blockage
by the film. Removal of the film and free sulfuric acid by washing makes the available surfaces
accessible by the subsequent sulfonation. As a result, the overall concentration of acid sites increases
as the sulfonation and washing steps are repeated. Nevertheless, the increase in total acidity is at the

expense of the particle surface area.
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Table 3-4 Characteristics of the carbon-based catalyst and CMK-w.

N, adsorption® Acidity, mmol/g
Sample S.A. P.D. P.V. Total’ SOH®
CMK-w 827 6.28 1.30 - -
VPS1 403 5.02 0.51 3.20+£0.10 0.88
VPS2 106 3.54 0.09 3.96 £ 0.07 1.09
VPS3 40 3.18 0.03 4.11+0.10 1.05
SC <1 - - 4.15+0.05 1.02

*BET surface area (S.A.) in mz/g; pore diameter (P.D.) in nm; pore volume (P.V.) in cmS/g.
"By acid-base back-titration.
¢ By elemental analysis.

The washing step after each sulfonation removed loosely bound sulfuric acid and functional
groups, leaving only covalently bonded SOsH, COOH, and OH groups. This provided the possibility
for further sulfonation on the available surface. In the second sulfonation, sulfuric acid vapour was
adsorbed on the available external surfaces and reacted with available carbon. In the third sulfonation,
most of the available external and internal surfaces were fully reacted by the sulfuric acid vapour.
Every sulfonation step eroded the pore wall, as shown by the BET results (Figures 3-3 and 3-4), in
which it eventually collapsed the internal pore walls almost fully after the third sulfonation. It is worth
mentioning that the presence of functional groups on the surface likely altered the char wetting
property (Kakade and Pillai 2008; Pavese et al. 2008), which aided the sulfonation coverage on the
surface in the subsequent sulfonation. This explains why the total acidity of the samples was a
function of the number of sulfonation steps. However, the specific surface area and pore volume were
inversely proportional to the number of sulfonation steps. This indicated that the collapse of the pore
walls caused the material to deteriorate and lose its porosity, resulting in the decrease of pore volume
and surface area. For the experimental conditions used, the amount of functional groups (mol of
SO;H/g cat) grafted on the char increased at the expense of its surface area and porosity. It is
anticipated that the degree of surface area and porosity reduction in the multiple vapour phase
sulfonation will depend on the carbonization temperature and the structure of char such as its wall
thickness. In general, sulfonation of char prepared at carbonization temperature <450°C results in a
40% reduction in surface area; whereas, at a carbonization temperature >550°C, the surface area does
not decrease. However, the lower carbonization temperature (<550°C) produces an active catalyst,
while the higher carbonization temperature (>550°C) produces an inactive catalyst due to the ordering
of carbon sheets (Kitano et al. 2009; Suganuma et al. 2011). Since functionalization occurs at the
edges of the carbon sheets, a randomly packed carbon sheets has an advantage in flexibility such as
the ability to swell during the reaction. In contrast, the ordered carbon sheets do not have this

flexibility, making them an inactive catalyst (Nakajima et al. 2007; Mo et al. 2008a).
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34 Conclusions

Multiple vapour phase sulfonation was effective in loading controlled concentration of total acidity
(SOs;H, COOH, and OH) on the carbon-based catalysts. Vapour phase sulfonation via forcing the
fuming sulfuric acid vapour to pass through the char bed achieved rapid saturation (4 h) due to an
excellent vapour and char contacting. The increase in total acidity with repeated sulfonation was,
however, at the expense of the surface area and pore volume of the catalyst. First, second, and third
sulfonation steps produced carbon-based catalysts with 3.2, 3.96, 4.11 mmolg" total acidity,
respectively. The pore volumes of first (VPS1), second (VPS2), and third (VPS3) sulfonation
decreased as much as 61, 93, and 98%, respectively, compared with the pore volume of char (CMK-
w). Consequently, VPS1, VPS2 and VPS3 lost its specific surface area as much as 51, 87, and 95%,
respectively. However, vapour phase sulfonation was less destructive on the pore of the char
compared with liquid phase sulfonation due to a lower sulfuric acid concentration in the vapour
phase. The carbon-based catalysts had a high thermal stability (up to 260°C) making them suitable
catalysts for many reactions such as transesterification. In a broader perspective, the technique of
multiple vapour phase sulfonation can be used to design a specific concentration of functional groups,

and controlled size of surface area and pore volume in carbon base materials.
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Chapter 4 Activity of carbon-based catalysts
on esterification of oleic acid with methanol

4.1 Introduction

Production of biodiesel from low grade feedstock such as waste oils and fats attracts global interest
because they potentially reduce the use of edible oils as well as prevent environmental pollution
caused through disposal of these materials. However, it is a challenging task because, besides
containing useful triglycerides, waste oils and fats usually contain impurities including high amounts
of free fatty acids and water. Generally, the strategy to deal with this shortcoming is to perform an
esterification of the free fatty acids catalyzed by an acid catalyst (commonly H,SOy,), followed by a
transesterification of the triglycerides, usually catalyzed by strong alkaline base such as NaOH.
Although base catalysts are generally more active than acid catalysts in transesterification reaction,
the former requires stringent feedstock quality such as low water and FFA content (i.e., less than 0.5
wt.%) beyond which the downstream washing and product separation are more complicated due to the
formation of soap as a byproduct, as well as reducing the catalyst activity (Di Serio et al. 2006;
Zafiropoulos et al. 2007; Di Serio et al. 2008; Zabeti et al. 2009). This limitation can be overcome by
the use of solid acid catalysts because their tolerance to water is high, in addition to having an easy
catalyst separation from the final products. Furthermore, the operation with heterogeneous catalysis is
reported to be safer than homogeneous system since it does not require a neutralization step (Salzano
et al. 2010).

Information on the synthesis of solid acid catalysts for esterification reaction is well
established in the literature (Chouhan and Sarma 2011; Leung et al. 2010; Shahid and Jamal 2011;
Sharma et al. 2011). In addition, several solid acid catalysts have been tested for simultaneous
esterification and transesterification reactions (Kulkarni et al. 2006; Celikten et al. 2010; Lien et al.
2010; Luque and Clark 2011). As discussed in Section 1.1.1.1, sugar catalyst had a high activity on
esterification and transesterification reactions, comparable to that of sulfuric acid (Toda et al. 2005;
Okamura et al. 2006; Zong et al. 2007). This chapter reports the activity of VPS1, VPS2, VPS3, sugar
catalyst (classified as carbon-based catalysts) and sulfuric acid on esterification of oleic acid, a typical
model compound for free fatty acids, with methanol. Figure 4-1 shows the stoichiometric reaction of
oleic acid esterification with methanol; whereas, information about the molecular structure of oleic
acid is presented in Appendix C.1. A mathematical model derived from reaction kinetics and catalyst

decay is also described in this chapter.
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Figure 4-1 Esterification of oleic acid with methanol.

4.2 Experimental

4.2.1 Catalyst activity

The activity of the carbon-based catalysts and sulfuric acid on esterification of oleic acid with
methanol was studied in a batch reactor (STEM-OMNI Reacto Station 6100), at 80+2°C under reflux,
stirred at 800 rpm. The molar ratio of methanol to oleic acid was 10 to 1, and the amount of catalyst
was 3 wt.% with respect to oleic acid. The amount of reactants used were 250 mmol of methanol and
25 mmol of oleic acid. Catalyst activity was studied at several reaction times, namely 1, 2, 4, 8, and
12 h. Once the reaction was completed, products were filtered to remove the catalyst. The filtrate,
which consisted of two immiscible layers (water and methyl oleate), was separated using a separatory
funnel. The weight of each layer was measured, and its density was determined using a 2 mL specific
gravity bottle. Once the volume of each layer was determined, a total of 100 uL sample comprised of
both layers was taken based on the fraction of the layers and mixed. This sample was further diluted
with heptane and homogeneously mixed using a vortex before being analyzed on GC/MS (Varian)
using a fused silica 60 m x 0.25 mm x 0.25 um with CPWax52CB coating column. The temperature
program was ramped at 20°C/min from 150 to 240°C, using helium as the carrier gas with a column
flow of 2 mL/min. The quantitative analysis was done using methyl oleate as the external standard.
The details of the preparation of the methyl oleate calibration curve are given in Appendix C.2.

Sample calculation for the initial formation rate is given in Appendix C.3.

4.2.2 Catalyst leaching

The catalyst leaching was investigated by analyzing the presence of functional groups in the
esterification products (at 2 and 8h reaction times): by analyzing the elemental composition of the
spent catalyst (only for VPS2); by measuring the total acidity of the spent catalysts; and by analyzing
the weight loss of the spent catalysts on a TGA under N,. The spent catalysts were washed with
acetone and methanol and filtered repeatedly (at least 5 times), and then dried in an oven at 110°C
overnight before they were analyzed. The presence of functional groups in the esterification products
were investigated by measuring the pH and detecting the sulfate ions according to the procedures
described in Appendix A.1.

Catalyst deactivation was studied by developing a mathematical model from the reaction
kinetic and catalyst deactivation equations to determine the reaction constant and deactivation

constant of the catalytic systems.
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4.3 Results and discussion

4.3.1 Catalytic activity of the carbon-based catalysts and H,SO4

Figure 4-2 shows the comparison of the activity of the carbon-based catalysts and H,SO, on the
esterification of oleic acid with methanol at 80°C in terms of the concentration of methyl oleate
produced. The broken lines are the best curve fit using a ‘ligand binding, one site saturation +
nonspecific’ model available in SigmaPlot 10.0 software. H,SO, had the highest activity, which can
be attributed to its greater total acidity (Table 2-1). VPS1, VPS2, and sugar catalyst had comparable
activities for the first 240 min, beyond which sugar catalyst showed slightly higher activity followed
by VPS2 and VPS1. Furthermore, VPS3 had the lowest activity in spite of a larger surface area and
comparable total acidity with sugar catalyst. The difference in catalytic activity among the carbon-
based catalysts and H,SO4 can be attributed to catalyst deactivation and the accessibility of active

sites, which is discussed in greater detail in the following section.
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Figure 4-2 Experimental data with the best curve fit (broken lines) for the concentration of methyl
oleate for all catalytic systems. Reaction conditions: molar ratio of methanol to oleic acid of 10 to 1, 3
wt.% catalyst based on oleic acid, reaction temperature at 80°C, and stirrer speed at 800 rpm. (Error
bars represent the experimental standard deviation of two repeats)

As discussed in Chapter 3, the functional groups of the carbon-based catalysts consist of
SO3;H, COOH, and OH; however, COOH and OH functional groups are inactive for esterification
reaction (Takagaki et al. 2006; Nakajima et al. 2007). The reactivity of the carbon-based catalysts
comes from Brgnsted type active sites (SO3;H). It is generally known that strong liquid mineral acids

such as H,SO, and HCI are effective for the esterification of carboxylic acids, which also consist of
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Brgnsted type active sites (Liu et al. 2006). The reaction mechanism first involves protonation of the
carboxylic acid, which activates the carboxylic acid for reaction with nonprotonated methanol to yield
a tetrahedral intermediate which, by decomposition, produces the products of reaction, i.e., ester and
water (Liu et al. 2006). The controlling step of the reaction is the nucleophilic attack of the alcohol on
the protonated carbonyl group of the carboxylic acid (Lotero et al. 2005). One might expect a similar
mechanism on solid acid catalysts with mainly Brgnsted type active sites as shown in Figure 4-3

(Lerkkasemsan et al. 2010).
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Figure 4-3 Mechanism of oleic acid esterification over carbon-based catalysts. Adapted from
Lerkkasemsan et al. (2010).

Theoretically, a conversion of a reactant depends on the thermodynamics of the reaction such
as temperature and molarity of the reactants; moreover, equilibrium conversion would be similar
regardless of the type of catalyst. The difference among the catalysts is the rate of reaction, which is
affected by their activity. H,SO,4, VPS1, and VPS3 achieved maximum production of methyl oleate
within 240 min into the reaction; whereas, SC and VPS2 showed an increasing production over time
(Figure 4-2). This may be attributed to the difference in the magnitude of the catalyst deactivation.
The equilibrium conversion (X.) for the esterification of oleic acid with methanol at 80°C for an equal
molar feed, calculated using the change in the Gibbs free energy (Fogler 2006), was 75% (Sample
calculation is given in Appendix C.4). However, a higher methanol to oleic acid molar ratio (10:1)
should drive the reaction forward for a complete conversion of oleic acid. The results showed that the
conversion of oleic acid failed to achieve a complete conversion in all catalytic systems despite a high
methanol to oleic acid molar ratio (Figure 4-2). Furthermore, this indicated that all catalysts

underwent deactivation during the reaction.
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4.3.2 Catalyst leaching

Generally, there are five causes of catalyst deactivation namely poisoning, fouling, thermal
degradation (sintering, evapouration) often initiated by high temperature, mechanical damage and
corrosion/leaching by the reaction mixture (Moulijn et al. 2001). Toda et al. (2005) reported that
sugar catalyst does not dissolve in any solvent including hexane, methanol and acetone; however, Mo
et al. (2008a) showed that the functional groups of the sulfonated carbon catalyst leach out when
washed with methanol. Hence, study of catalyst leaching is necessary for the carbon-based catalysts.
The leaching of functional groups was studied by analysing the esterification product (the top
layer) for pH and sulfate ions. The TGA, total acidity and chemical elemental analysis were analyzed
for spent carbon-based catalysts. Figure 4-4 shows the comparison of the total acidity of fresh and
spent carbon-based catalysts. The carbon-based catalyst lost as much as 11.6 — 21.4% acidity.
The determination of pH and the detection of sulfate ions of the esterification products at 2 and 8 h
reaction times showed that the pH of all samples were very acidic (~pH 1) and traces of sulfate ions
were detected in all samples. Since the functional groups of the carbon-based catalysts consisted of
SO;H, COOH, and OH, this implied the leaching of SOs;H and possibly COOH and OH groups into
the reaction medium. Furthermore, Table 4-1 shows the elemental analysis of spent VPS2. In
comparison with fresh VPS2, the mole amount of C and H had increased by 7 and 28%, respectively;
whereas O and S had decreased by 10 and 33%, respectively. The amount of SO;H of the spent VPS2
had decreased as much as 33% compared with the fresh VPS2.This further supports the potential
leaching during the reaction. Nonetheless, the leaching of COOH and OH functional groups needs

further investigation to ascertain this speculation.

Table 4-1 Elemental analysis of spent VPS2.

Elemental composition (wt. %) Amount of SO;H Mole ratio to carbon

Sample C H 0 S mmol/g HC  0:C  SC
Fresh VPS2 58.37 2.12 32.92 3.49 1.09 0.433 0.423 0.022
Spent VPS2 62.45 2.72 29.59 2.34 0.73 0519 0356 0.014
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Figure 4-4 A comparison of total acidity between fresh and spent carbon-based catalysts. The
percentages on the used catalyst bars are total acidity decrease among the catalysts.

The results of the thermo-gravimetric analysis of the VPS1 spent catalyst is shown in Figure
4-5, and for clarity, the result of the respective fresh catalyst is also included in the plot (The results of
VPS2, VPS3, and sugar catalyst are shown in Appendix C.5). The DTA plots of the spent catalysts
have a common similarity in comparison with the fresh catalysts (Figure 4-6). The spent catalysts do
not have a peak at ~240°C, instead, a smaller peak in terms of peak area is recorded at ~210°C. This
suggests that the spent catalysts did not have the same amount of functional groups as those of the
fresh catalysts. In addition, the spent catalysts were less stable as the functional group decomposed at
lower temperature (~210°C). All but spent sugar catalyst had weight loss peak at lower temperatures
compared to the fresh catalyst. This suggested that sugar catalyst was more thermally stable than the
other carbon-based catalysts. The differences in weight loss among the fresh and spent catalysts at
their respective functional groups decomposition temperatures were 1.9, 2.0, 2.4, and 1.0 % for VPS1,
VPS2, VPS3, and sugar catalyst, respectively. This indicated that some of the functional groups had

leached out during the reaction.
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Figure 4-6 DTA of fresh and spent VPS1 under N,.

As a summary, all analyses were in agreement that the functional groups of the carbon-based catalysts
had leached out during the reaction. The leaching of functional groups as a result of the catalyst
washing with acetone and methanol was, however, not ascertained. Further investigation on this
possibility is useful to understand the property of the carbon-based catalysts. In addition, surface area,

porosity and inductively coupled plasma (ICP) analyses could also be performed to understand the
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physical changes in the spent catalysts. However, regardless of the cause of the leaching,
understanding on the catalyst deactivation during the reaction is essential. In order to evaluate the
magnitude of the catalyst deactivation, a mathematical model incorporating the kinetic of reaction and

the kinetic of deactivation was developed.

4.3.3 Modelling of the catalyst deactivation

In general, the kinetic analysis of the reaction shows that the simple first and second order reaction
models with respect to oleic acid concentration fit the data poorly for all catalytic systems (See kinetic
analysis in Appendix C.6). This suggests that a different type of model is needed which incorporates a
catalyst deactivation term. Several mathematical models reported in the literature describe the profile
of the data for esterification of free fatty acids catalyzed by solid acid catalysts. These models are
developed based on a single site (Eley-Rideal) theory (Liu et al. 2006; Lerkkasemsan et al. 2010).
Even though the models fit the data very well, and the effect of water as the agent for catalyst
deactivation is included, they are lacking explicit information on the magnitude of the catalyst
deactivation. Hence, this study examines a kinetic model based on reaction kinetics and catalyst
decay. As discussed in the previous section, one of the possible types of the catalyst deactivation is by
pore blockage or inaccessibility of the internal active sites. This type of catalyst deactivation mimics
the sintering problem encountered in general catalysis, which can be represented by second order
catalyst deactivation kinetics (Fogler 2006).

Esterification of oleic acid with methanol is a reversible process producing methyl oleate and
water, as shown in the stoichiometric equation in Figure 4-1 or, in a simplified form

A+MSB+W
where: A — Oleic acid; M — Methanol; B — Methyl oleate (Biodiesel); W — Water.
The catalyst deactivation kinetic model was developed based on the following assumptions:

1. Reversible reaction is neglected since a large M: A ratio (10:1) was used in the experiments.

2. The order of reaction is a second order with respect to A. This is based on the kinetic analysis
shown in Appendix C.6. A second order reaction fits the data better than first order reaction
especially for the sugar catalyst system.

3. There was no methyl oleate and water at t = 0.

4. The rate of noncatalyzed reactions could be neglected compared to catalyzed ones.

In addition, the estimation of diffusion- and reaction-limited regimes using Weisz-Prater Criterion for
internal diffusion showed that the esterification of oleic acid with methanol catalyzed by VPSI,
VPS2, VPS3 is free from diffusion limitation (See Appendix C.7). Thus, the reaction is mainly
controlled by the kinetics. Furthermore, internal diffusion is not an issue for sugar catalyst because it

is a non-porous material.
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An equation for conversion as a function of time can be obtained as follows:

Design equation:

N X W
AO m =TaA

Equation 4-1
Reaction rate law:
4= Ka(t)Cp*
Equation 4-2

Where a(t) is the catalyst deactivation activity.

Deactivation law: For second order deactivation
da

T
fo=ket® = -3

Integrating, with a =1 at time t = 0, yields
a 1 t
-] = da= dt
Jau=s
1 a
-|-=] = k4t
[ a]1 kd

l1-a

O= T

Equation 4-3
Stoichiometry:
Nao
Ca=Cro(1-X) = ~ (1-X)

Equation 4-4

Combining gives

2
x _ ﬂk'a(t) <¥(1 -x)>

dt Ny
dX WNpo ./ 1
— = 2% ( )(1 -X)?
dt \Y% 1+kgyt
Equation 4-5
Let
WN4o .
k= V2 k
Then, separating variables, we have
ax ka(t)dt
a-x2

Substituting for a and integrating yields
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Solving for the conversion X at any time t, we find an equation involving the deactivation constant

(ka)
1

X=1-
<1 + k%ln(l + kdt))

Equation 4-6

The conversion of oleic acid is defined as

Equation 4-7
where C,q is the initial concentration of oleic acid (mol/L), and C, is the concentration of oleic acid
at any time (mol/L).

The values of k and kg were solved simultaneously using the nonlinear regression program in
POLYMATH software (6.10 Educational release version), using the initial guess value of 1 for both
model parameters (k and ky). As shown in Figure 4-7, the catalyst deactivation model fits the data
fairly well. The magnitude of the catalyst deactivation and its relationship with the chemical and

physical properties of the carbon-based catalyst are discussed in the following section.

4.3.2.1 Effect of chemical and physical properties on the catalyst deactivation

Figure 4-7 shows that the conversion has more or less reached a plateau after 120 min of reaction. The
maximum conversion of all the catalytic systems are varied and lower then the theoretical equilibrium
conversion (0.75). These are consistent with the attributes of catalyst deactivation. As shown in Table
4-2, the values of kg for all catalysts including H,SO,, indicated that all catalysts underwent
deactivation during the esterification reaction. The deactivation constant is larger than the reaction
constant for all catalytic systems indicating that the reaction was fast and the magnitude of the
deactivation was significant. The values of reaction constant, deactivation constant, and conversion of
oleic acid were gradually decreasing from VPS1, VPS2, to VPS3. Whereas, the sugar catalyst and
sulfuric acid had the lowest and the highest k and kg, respectively. Interestingly, the sugar catalyst and

sulfuric acid had a comparable oleic acid conversion.
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Table 4-2 Catalytic activity and kinetic model parameters.

Initial formation rate based on the

Catalyst catalyst Kk, min™ kg, min™ X, %
Weight®  Surface area” Acidity®
VPS1 21.4 0.011 1.41 0.0204 0.1154 40
VPS2 333 0.066 1.77 0.0110 0.0403 38
VPS3 13.8 0.073 0.71 0.0062 0.0367 32
SC 26.2 5.500 1.33 0.0046 0.0050 61
H,SO, 68.1 - 0.70 0.1305 0.3404 65
unit: mM/min.geat; ° unit: mM/min.m’; ¢unit: mM/min.mmol H*
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Figure 4-7 Comparison of experimental data with values predicted by the deactivation model (solid
line) of VPS1, VPS2, VPS3, sugar catalyst, and H,SO,.
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Since sulfuric acid is a homogeneous catalyst, leaching does not occur; instead, the
deactivation is most likely due to the decrease of acid strength as a result of water solvation. It is well
known that water deactivates homogeneous and heterogeneous catalysts in esterification of free fatty
acid (Liu et al. 2006; Park et al. 2010a;b). Furthermore, water deactivates a catalyst by decreasing its
acid strength due to the preference for water solvation of the protons over methanol solvation (Lotero
et al. 2005). The driving force behind this behaviour was probably water’s ability to form hydrogen-
bonding networks that can delocalize ‘free’ protons in solutions (Liu et al. 2006). The activity of a
catalyst is related to the population of the active sites on the surface; therefore, the catalyst
deactivation can be considered as the decrease in the number of active sites on the surface (Forzatti
and Lietti 1999). This implies that similar effect could also occur with the carbon-based catalysts.

Among the carbon-based catalysts, the sugar catalyst had the lowest deactivation constant
(kg). Being a non-porous material, the deactivation by pore blockage is unlikely to occur with the
sugar catalyst. Hence, the deactivation is likely attributed to the catalyst leaching, on top of the
decrease of acid strength due to water solvation effect. It is most likely that water causes the leaching
of SOs;H group during the reaction, as the aromatic carbon sulfonation is a reversible reaction, and the
presence of water could promote the formation of sulfuric acid (see Appendix B.2). Favourable
reaction conditions such as high temperature and acidic medium make the reversible sulfonation
reaction possible to occur. The decrease of SOsH concentration in spent catalyst and the detection of
sulfate ions in reaction product also supports SOs;H leaching. In addition, water also can cause the
leaching of OH group through hydration of OH (Shu et al. 2010). The decrease of total acidity in all
spent carbon-based catalyst might be attributed to the loss of OH group as well, in addition to the loss
of SO;H group.

Nevertheless, since the deactivation constant of VPS1, VPS2, and VPS3 are larger than the
deactivation constant of the sugar catalyst, this suggests that there are other factors that influence the
magnitude of the deactivation constant in VPS1, VPS2, and VPS3. Assuming the hydrophobicity of
the carbon-based catalysts are comparable, since they are made from the same material, the
accessibility of the active sites influence the deactivation constant in VPS1, VPS2, and VPS3. Since,
the deactivation constants are decreasing from VPS1, VPS2, and VPS3, and the pore diameter and
pore volume (Table 3-4) are also decreasing from VPS1, VPS2, and VPS3. This is counter-intuitive in
a sense that the accessibility in larger pores is better than the smaller pores; however, suggests that the
deactivation in the carbon-based catalysts is a combination of decrease of acid strength, leaching of
functional groups, and accessibility of the active sites.

It is worthwhile to mention that a large surface area and mesoporous carbon-based catalyst as
shown by VPS1 did not give any advantage on the catalyst activity. The activity of the catalyst
depends on the accessibility and concentration of the active sites. The results also showed that the

catalyst deactivation constant is independent of the surface area and the total acidity.
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44 Conclusions

The activity of the carbon-based catalysts and H,SO, on esterification of oleic acid with methanol was
studied. VPS1, VPS2, VPS3, sugar catalyst, and H,SO, had oleic acid conversion of 40, 38, 32, 61,
and 65%, respectively. The difference in the catalytic activity among the catalysts tested was
attributed to the density of acid sites per gram catalyst, catalyst deactivation, and accessibility of the
active sites. For instance, H,SO4 showed the highest activity which is attributable to its high density
of acid sites per gram. Even though VPS3 had the highest total acidity compared with VPS1 and
VPS2, it had the lowest activity which is attributable to inaccessibility of the active sites.
Furthermore, catalyst deactivation due to a decrease of acid strength and leaching of functional groups
also affected the catalytic activity of the catalysts. The carbon-based catalysts lost 11.6 — 21.4% total
acidity after first use in esterification of oleic acid. This loss was attributed to the leaching of
functional groups as a result of reaction with water. H,SO, underwent deactivation which is
attributable to a decrease in acid strength because of solvation effect caused by water. The sugar
catalyst had the lowest deactivation constant among the carbon-based catalysts which implied that it
had the least catalyst deactivation. This might be attributable to its surface hydrophobicity and
strategic location of the active site on the external surface. The catalyst deactivation analysis, as
indicated by reaction and deactivation constants, implied that the order of catalyst activity, from the

highest to the lowest, was H,SOy, sugar catalyst, VPS1, VPS2, and VPS3.
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Chapter 5 Activity of carbon-based catalysts
on etherification of glycerol

5.1 Introduction

As discussed in Chapter 1, Section 1.1.3, increased biodiesel production results in producing a large
quantity of glycerol since 10 wt.% of the transesterification of triglycerides products is glycerol. This
causes a large surplus of glycerol on the market globally. This issue has resulted in extensive research
on converting glycerol into useful products (Pagliaro et al. 2007; Behr et al. 2008; Rahmat et al.
2010). One of the highly potential solutions is the conversion of glycerol to fuel oxygenates as the
demand in the transportation industry is huge (Noureddini 2000; Behr and Obendorf 2001; Melero et
al. 2010). Glycerol can be etherified using isobutylene or tert-butanol to produce mono, di- and tri-
tert-butylglycerol ethers (Klepacova et al. 2005;2006a). In the fuel industry, di- and tri- tert-
butylglycerol ethers (DTBGs and TTBG) are more useful products than mono- terz-butylglycerol
ethers (MTBGs) because they can be blended with biodiesel to improve its properties such as
reducing the cold flow properties (Noureddini 2000), and the emission toxicity (Jaecker-Voirol et al.
2008). DTBGs and TTBG can also be used as fuel oxygenates in diesel to enhance its Cetane Number
(Bradin 1996; Bianchi and Battistel 2008). Since the use of methyl-tert-butyl ether (MTBE) as fuel
oxygenate has been banned in the US due to its toxicity to the underground water, a substitute that is
available in large quantity is needed (Borak et al. 1998; Ahmed 2001; Nadim et al. 2001). Hence,
DTBGs and TTBG, which may become readily available in large quantity is highly potential as a
substitute for MTBE.

Meanwhile, MTBGs cannot be used as biodiesel or diesel blends because they are not
miscible. Higher polarity of MTBGs is associated to this low solubility (Klepacova et al. 2007).
Nonetheless, there are limitations and benefits of using isobutylene and fert-butanol as etherifying
agents. For instance, glycerol etherification with tert-butanol can be performed in ambient pressure;
however, the selectivity to DTBGs and TTBG is low (Frusteri et al. 2009). The use of isobutylene
produces a high yield of DTBGs and TTBG (Lee et al. 2010); however, the reaction condition is more
complicated, such as the use of high pressure reaction (2 MPa) to overcome the thermodynamic
limitation (to keep isobutylene in liquid phase), or the use of hazardous solvents such as dioxane,
dimethyl sulfoxide and sulfolane (Klepacova et al. 2007).

Etherification of glycerol can be catalyzed by acid catalysts. There are numerous efforts in
investigating the activity of commercial catalysts, as well as synthesizing new solid acid catalysts for
etherification of glycerol (Barrault and Jerome 2008; Jerome et al. 2008). Klepacova and co-workers
(Klepacova et al. 2003;2005;20062a;2006b;2007) tried several commercial solid acid catalysts such as
Amberlysts (15, 31, 35 and 119), ion-exchange resins (A-31 and A-119), and large-pore zeolites (H-Y
and H-Beta) to catalyze glycerol etherification with isobutylene or fert-butanol. They found that

etherification with fert-butanol leads to a lower conversion and selectivity owing to the presence of
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water formed by dehydration of fert-butanol, which deactivates the catalysts. Nevertheless, Xiao et al.
(2011) reported that the performance of H-Y Zeolites was enhanced after regeneration by washing
with acid. Several new catalysts have been shown to be highly active, such as sulfonic-acid-
functionalized mesostructured silicas (Melero et al. 2008), silicotungstic acid, cesium salt of
silicotungstic acid, and ionic liquid containing sulfonic acid groups (Lee et al. 2010), and sulfonated
peanut shell catalyst (Zhao et al. 2010).

It is known that acidity and pore structure of a catalyst are key factors for the etherification of
glycerol by isobutylene and tert-butanol (Klepacova et al. 2006; Melero et al. 2008; Lee et al. 2011).
In addition, the performance of a catalyst is also governed by the polarity of its surface. Materials
with strong hydrophobic character are not active as they do not allow the adsorption of the glycerol.
On the other hand, a strong adsorption of glycerol on the polar surfaces leads to low activity (Pariente
et al. 2009). Based on the reaction nature of glycerol etherification, carbon-based catalysts are suitable
because of their known high acidity and acid strength, their tunable pore structures and surface area,
and the hydrophobic and hydrophilic characteristics on their surfaces (Liu et al. 2008; Hara 2010). In
this chapter, the activity of the carbon-based catalysts on etherification of glycerol with isobutylene
and the activity of the sugar catalyst on etherification of glycerol with ters-butanol (TBA) are

reported.
5.2 Experimental

5.2.1 Etherification of glycerol with terf-butanol catalyzed by the sugar catalyst.

The etherification reaction was performed under batch conditions in a OMNI-Reactor Model 6100 at
80°C, stirred at 800 rpm. A catalyst loading of 7 wt.% with respect to glycerol, with glycerol to zert-
butanol molar ratio of 9:1 was used for the reaction. A 50 UL of sample was taken after 8 h of reaction
and centrifuged at 10,000 rpm for 10 min to remove the catalyst. The clear supernatant was further
diluted with methanol before being analyzed on a GC-MS (Varian), the mass spectrophotometer
(Varian MS4000) was equipped with EI source, and the column was CPWax52CB (60 m x 0.25 mm x
0.25 wm). The heating program involved: initial column temperature at 40°C held for 10 min; then
heating ramped at 4°C/min to 115°C; and then at 15°C/min to 240°C. Total run time was ~50 min.
Injection and detection chamber temperatures were set at 250°C, with helium flow rate at 1.4 mL/min.

The sample was not derivatized prior to analysis.

5.2.2 Etherification of glycerol with isobutylene catalyzed by the carbon-based catalysts.

The experiments were conducted in a 50 mL autoclave (Parr) equipped with: a sampling cylinder to
inject a required amount of isobutylene; a sampling port to withdraw sample during the reaction; a
vent line for purging the system with nitrogen as well as for venting; and a mechanic impeller, as
shown in Figure 5-1.
The reaction conditions of the etherification study were: isobutylene to glycerol molar ratio at
2:1 (350 mmol of isobutylene and 175 mmol of glycerol); catalyst of 2 wt.% with respect to glycerol;
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reaction temperature at 80°C; stirrer speed at 1200 rpm; and reaction pressure of 2 MPa. In a typical
experiment, 175 mmol of glycerol was charged into the autoclave reactor, and then the system was
purged with nitrogen three times. Isobutylene was charged into a 100 mL sampling cylinder (the
isobutylene tank was padded with helium gas in order to deliver the required amount of isobutylene
into the sampling cylinder). The sampling cylinder was quickly disconnected from the line and
weighed to ensure the required amount of isobutylene in the sampling cylinder, which was then
reconnected to the line. Isobutylene was then injected into the autoclave reactor by opening the outlet
valve of the sampling cylinder and the inlet valve of the reactor. The stirrer was turned on and the
reactor was pressurized to 2 MPa using nitrogen, followed by turning on the heater. The reaction was
timed once the required temperature was reached which typically took 50 min. Reaction samples were

taken at 3, 5, 8, 12 and 22 hr of reaction times. Further details of the experiment are given in

Appendix D.
3-way valve
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cylinder
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Figure 5-1 Schematic diagram of the experimental setup for the etherification of glycerol with

isobutylene experiments.
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5.2.2.1 Sample analysis

In principle, glycerol, MTBG, DTBG, and TTBG can be analyzed on highly inert columns coated
with apolar stationary phases without derivatization. However, the inertness of the column, required
to obtain good peak shapes, cannot be easily maintained in routine analysis. Derivatization by
trimethylsilylation of the free hydroxyl groups of glycerol, MTBGs, DTBGs, and TTBG, ensures
excellent peak shapes, good recoveries and low detection limits, and enormously improves the
ruggedness of the procedure (Plank and Lorbeer 1995; Lee et al. 2010). Further structural information
of glycerol molecule is given in Appendix D.1. Samples were thus derivatized by trimethylsilylation
before being analyzed with a GC-MS. For complete silylation of glycerol and the glyceryl ethers, the
condition of the derivatization was controlled carefully. In a typical derivatization, 10 uL of fresh
sample was diluted 500 fold with dioxane. 50 puL of the diluted sample was mixed with 10 pL of
internal standard and N-methy-N-(trimethylsilyl) trifluoroacetamide (MSTFA). The internal standard
was prepared by dissolving 0.37 mmol 1,3-propanediol in 972 pL pyridine. The mixture was left for
30 min in a fume hood at ambient condition for the derivatization reaction to complete. The samples
were further diluted with heptane before being analyzed with a GC-MS using a fused silica 60 m x
0.25 mm x 0.25 pum with CPWax52CB coating column. The temperature program was ramped at
10°C/min from 40 to 220°C and held for 2 min, using helium as the carrier gas with a column flow of
2 mL/min.
The glycerol conversion is defined as
Xg = (1 i &> x 100 %
Coo

Equation 5-1
where Cgo is the initial concentration of glycerol (mol/L), and Cg is the concentration of glycerol at
any time (mol/L).

Whereas, the selectivity to glycerol ethers is defined as

C
Sy=[=—+) x 100 %
Coo - Cg

Equation 5-2
where C, is the product concentration in which the subscript y refers to MTBGs, DTBGs, or TTBG.

53 Results and discussion

5.3.1 Etherification of glycerol with tert-butanol by using the sugar catalyst.

The objective of this experiment is to evaluate the activity of the sugar catalyst in terms of selectivity
to fuel oxygenates (DTBGs and TTBG). The scheme of etherification of glycerol (G) with fert-
butanol (TBA) main reactions is shown in Figure 5-2, water is produced as a co-product. Figure 5-3
shows the chromatogram and EI mass spectrum of the sample taken at 8 h of reaction. Using standard
solution of MTBG (3-fert-butoxy-1,2-propanediol), peaks 1A and 2A were identified to be the

isomers of MTBG.
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DTBG + IB TTBG DTBG + TBA === TTBG + H,0

Figure 5-2 The scheme of etherification of glycerol with fert-butanol main reactions. Adapted from
Klepacova et al. (2006a).
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Figure 5-3 The chromatograms and EI mass spectrum of the etherification sample. Spectra (1A) and
(2A) are isomers of mono-tert-butoxy-propane-1,2-diol, M = 148; spectra (3A) and (4A) are isomers of
di-tert-butoxy-propane-2-ol, M = 204.

Direct comparison to the standard solutions of DTBGs and TTBG was not possible because at
the time the experiment was done, they were not available on the market. Hence, the EI spectra were
used to probe the presence of DTBGs and TTBG. Almost all EI spectra of the peaks were very similar
to each other. The base peak at m/z = 45 corresponding to fragment ion [C;Hy]*, was detected in all
spectra. Peak at m/z = 57 corresponds to fragment ion [C,Hy]". These spectra are slightly different
from the one report by Jamrdz et al.(2007) where a peak at m/z = 57 was dominant. [C3Hy] is coming
from — (CHs)3, forming tert-butoxy group in the glyceryl ethers. The spectra of peaks 3A and 4A
suggest they are the isomers of DTBGs. The total peak area of 1A and 2A is greater than the total
peak area of 3A and 4A, implying that for the reaction conditions used, the etherification selectivity is

greater towards the formation of MTBGs.
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Higher selectivity to MTBGs is most likely attributed to the formation of water as the co-
product of the glycerol etherification with fert-butanol. The presence of water may cause deactivation
of sugar catalyst, and shift the equilibrium reaction. The etherification of glycerol with tert-butanol
can be catalyzed by the sugar catalyst, which is beneficial as the reaction does not require extreme
conditions such as operating at high pressure, but the higher selectivity to MTBGs is not favourable.
Hence, further investigation was necessary to find out a better glycerol etherification that gives a
higher selectivity to DTBGs and TTBG. The results of the investigation of glycerol etherification with
isobutylene, which has no water as co-product, catalyzed by the sugar catalyst, VPS1, VPS2, and

VPS3 are presented in the following section.

5.3.2 Etherification of glycerol with isobutylene catalyzed by the carbon-based catalysts

The main objective is to evaluate the activity of the carbon-based catalysts (VPS1, VPS2, VPS3, and
sugar catalyst) on etherification of glycerol with isobutylene. These catalysts have a varied range of
total acidity as well as specific surface area as shown in Table 3-4. The spectrum of products from the
etherification of glycerol with isobutylene is given in Figure 5-4. The main products are the glycerol
ethers: two isomers of mono-tert-butylglycerols (MTBGs); di-fert-butylglycerols (DTBGs); and a tri-
tert-butylglycerol (TTBG). There are two side products, i.e., fert-butanol and the dimers of
isobutylene. In general, the etherification of glycerol is preferred on primary hydroxyl groups, i.e.,
formation of 1-tert-butylglycerols and 1,3-di-tert-butylglycerol (instead of 1,2- di-tert-butylglycerol)
due to steric hindrance (Klepacova et al. 2007).

Glycerol and isobutylene in pure forms were immiscible. MTBGs functioned as a solvent that
promoted the formation of a mixture. In this experiment, it was observed that the system became
completely mixed only after 180 min into the reaction. Sampling was done only at the homogeneous
mixture of the reaction. The glycerol conversion and the selectivity to MTBGs, DTBGs, and TTBG
are shown in Figures 5-5 through 5-8. VPS1, VPS2, and SC showed comparable activity in glycerol
conversion, and selectivity to MTBGs and DTBGs. Di-isobutylene was detected in all samples at

1320 min of reaction time.
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Figure 5-4 Product spectrum of glycerol etherification by isobutylene, showing the main and side
reactions. (1) 3-tert-Butoxypropan-1,2-diol; (2) 2-tert-Butoxypropan-1,3-diol; (3) 1,3-Di-tert-
butoxypropan- 2-ol; (4) 2,3-Di-tert-butoxypropan-1-ol; (5) 1,2,3-Tri-tert-butoxypropan; (6) 2,4,4-
Trimethylpenten-1; (7) 2,4,4- Trimethylpenten-; (8) tert-Butanol.

Typically, dimerization of isobutylene occurs at relatively higher reaction
temperatures (>90°C), high molar ratio of isobutylene to glycerol (>4), and longer reaction time (>120

min) (Lee et al. 2010; Zhao et al. 2010). A 90 - 94% glycerol conversion was achieved after 1320 min

of reaction for all carbon-based catalysts. The molar ratio of isobutylene to glycerol (2:1) used in this
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experiment was lower than the stoichiometric molar ratio of a complete reaction (3:1) preventing a
complete conversion of glycerol. A study using a statistical analysis by Melero et al. (2008) showed
that isobutylene/glycerol molar ratio is the most important factor in the glycerol conversion. However,
in this experiment, the physical dimension of the autoclave reactor limited the isobutylene/glycerol
molar ratio to a maximum of 2:1; in other words, higher molar ratio resulted in lower glycerol liquid
level in the reactor than the stirrer causing prolonged initial reaction to take place (Further details are
given in Appendix D.2).

As shown in Figure 5-5, the catalytic activities of all carbon-based catalysts are comparable.
This might be attributed to the relatively high total acidity for all carbon-based catalysts. Furthermore,
these results showed that there was no steric hindrance limitation occurring in all catalysts since the
activity mainly depends on the total acidity, in particular the amount of SOsH groups. This is contrary
to other types of catalyst such as Amberlyst and Zeolites, in which steric hindrance limits the activity

and selectivity of the catalysts (Klepacova et al. 2003;2005;2006a;2006b;2007).
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Figure 5-5 Activity of the carbon-based catalysts in terms of glycerol conversion. The reaction

conditions: isobutylene to glycerol molar ratio at 2:1; catalyst of 2 wt.% with respect to glycerol;
reaction temperature at 80°C; stirrer speed at 1200 rpm; and reaction pressure of 2 MPa.

74



100

90 - —#—SC
80 | -®- VPS]
10 - —O= VPS2

o -+ #-+ VPS3

50
40
30

20

Selectivity to MTBG [mole %]

10

0 5 10 15 20 25
Time [h]

Figure 5-6 Selectivity to MTBG by the carbon-based catalysts in the glycerol etherification with
isobutylene. The reaction conditions: isobutylene to glycerol molar ratio at 2:1; catalyst of 2 wt.%
with respect to glycerol; reaction temperature at 80°C; stirrer speed at 1200 rpm; and reaction pressure
of 2 MPa.
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Figure 5-7 Selectivity to DTBG by the carbon-based catalysts in the glycerol etherification with
isobutylene. The reaction conditions: isobutylene to glycerol molar ratio at 2:1; catalyst of 2 wt.%
with respect to glycerol; reaction temperature at 80°C; stirrer speed at 1200 rpm; and reaction pressure
of 2 MPa.
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Figure 5-8 Selectivity to TTBG by the carbon-based catalysts in the glycerol etherification with
isobutylene. The reaction conditions: isobutylene to glycerol molar ratio at 2:1; catalyst of 2 wt.%
with respect to glycerol; reaction temperature at 80°C; stirrer speed at 1200 rpm; and reaction pressure
of 2 MPa.

The hydrophobicity of the carbon-based catalysts is also essential. The hydrophobicity of the
carbon-based catalysts comes from its carbon structure; whereas, its hydrophilicity comes from the
functional groups (SO;H, COOH, and OH). The hydrophobic and hydrophilic nature of the catalysts
favoured the adsorption of the polar glycerol (Pariente et al. 2009). It is speculated that the reaction
takes place between the tert-butyl cation (tertiary carbocation) and glycerol. Thus, it is likely that
initially the electrophilic attack occurs on the primary carbon of glycerol due to steric hindrance and
electrostatic effects exerted by OH groups of glycerol (Frusteri et al. 2009).

The selectivity to MTBG has initially increased as glycerol was being converted, but
gradually decreased after 180 min of reaction as it was also being converted into DTBG (Figure 5-6).
Figure 5-7 shows that the selectivity to DTBG for VPS1, VPS2, and SC are comparable (~42%) at
1320 min of reaction time, but only 32% for VPS3. This was due to a rapid conversion of DTBG into
TTBG as shown in Figure 5-8. Longer reaction time favoured higher glycerol conversion and higher
yield of higher glyceryl ethers (DTBG and TTBG). However, it had a negative effect as the unwanted
side product, di-isobutylene, was also produced.

VPS3 showed the highest selectivity to TTBG at 1320 min of reaction, whereas VPS1
showed the lowest. This could be attributed to the total acidity of the catalysts. VPS1 had the highest
surface area but was lowest in total acidity. In contrast, VPS3 had the highest acidity (SOsH) and low
surface area. This implies that the total acidity of the carbon-based catalysts played a key factor in the

catalyst activity on the etherification of glycerol with isobutylene.
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54 Conclusions

The activity of the carbon-based catalysts on etherification of glycerol with isobutylene and the
etherification of glycerol with tert-butanol catalyzed by the sugar catalyst were studied. The use of
tert-butanol as the etherifying agent had a high selectivity to MTBG, which was not favourable. In
contrast, the use of isobutylene showed high glycerol conversion and selectivity to DTBGs and TTBG
for VPS1, VPS2, VPS3 and the sugar catalyst. The results showed that total acidity played the key
factor in the catalyst activity. High glycerol conversion (~94%) was achieved at 1320 min of reaction
time, but also produced the unwanted di-isobutylene, suggesting that the reaction was best stopped at
720 min into the reaction. All carbon-based catalysts had selectivity to DTBGs and TTBG ranging
from 38-52% at 720 min reaction time. In conclusion, the carbon-based catalysts show high potential
as catalysts for the integration of esterification, transesterification, and etherification reactions.
However, more trials are needed to ensure the reproducibility of the results. In addition, effect of

thermal conversion, a reaction without any catalyst, is worth investigating.
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Chapter 6 Conclusions and recommendations

6.1 Conclusions

Alternative fuels made from sustainable and renewable sources are essential for energy security,
climate change mitigation, and pollution control. Biodiesel has already been produced in large
capacity for commercial applications despite some potential setbacks such as escalating food prices
and deforestation. In spite of a well-established process, production of biodiesel can be further
improved by using low quality feedstock such as waste oils and fats, improving the economics of the
process by adding value to the by-product, glycerol, and creating safer manufacturing operation.
These improvements may be achieved by having an effective solid acid catalyst that is active on
esterification, transesterification, and etherification reactions.

The main objective of this research was to synthesize high surface area, mesoporous, and
high acidity carbon-based catalysts that have high activities on esterification and etherification
reactions. All synthesized catalysts were physically and chemically characterized using X-ray
photoelectron spectroscopy (XPS), porosimeter, Fourier transform-Infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM), transmission electron microscopy (TEM), thermo-gravimetric
analysis (TGA), Pycnometry, Elemental analysis, and titration. Meanwhile, the activity of the
catalysts was tested on the esterification of oleic acid, a typical model compound for free fatty acids,
and on the etherification of glycerol, in which all samples were analyzed on a gas chromatrography-
mass spectroscopy (GC-MS).

The first major contribution was the synthesis of mesoporous and high surface area carbon-
based catalyst using a silica templating method. A silica templating method was prepared using the
confined activation process where its pore size could be controlled by adjusting the P/Si molar ratio.
Glucose was used as a carbon precursor to fill the pores in the silica template, while pyrolysis at
400°C produced an incomplete carbonized sugar and silica composite. Subsequent removal of the
silica template using HF produced a high surface area and mesoporous disordered amorphous sugar
char. Sulfonation of the sugar char in a fuming sulfuric acid with or without prior silica template
removal produced two different catalysts. Sulfonation before the removal of the silica template
produced a catalyst with a high surface area and mesoporous, but low total acidity (CMK-SOs;H-w).
In contrast, sulfonation after the silica template removal produced a catalyst with a low surface area
and non-porous but high acidity (CMK-w-SO;H). Sulfonation of the mesoporous char in a liquid
fuming sulfuric acid completely destroyed the internal pores. The results showed that the silica
template functioned as a support for internal pore walls from collapsing, but prevented effective
functionalization on the char during the sulfonation. The comparison of catalyst activity on the
esterification of oleic acid with methanol showed that CMK-w-SOsH was more active than CMK-
SO;H-w. This implied that total acidity played a more important role than the surface area or porosity

in the carbon-based catalysts. A better synthesis technique was needed to produce a high surface area,
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mesoporous, and high acidity carbon-based catalyst, which led to the second major contribution — the
development of a simple and effective functionalization technique called multiple vapour phase
sulfonation.

Contrary to the sulfonation by heating in the liquid sulfuric acid (liquid sulfonation), vapour
phase sulfonation was a functionalization technique whereby the char was exposed to a stream of
sulfuric acid vapour. As a result, high surface area, mesoporous and high acidity carbon-based
catalysts were produced. The results showed that repeating sulfonation and washing was able to
gradually increase the total acidity but at the expense of its surface area and pore volume. With this
technique, a carbon-based catalyst with a predictable surface area and total acidity was easily
obtained.

The activities of four carbon-based catalysts (VPS1, VPS2, VPS3, and the sugar catalyst),
consisting of a wide range of surface area and total acidity, were investigated on esterification of oleic
acid with methanol and on etherification of glycerol with isobutylene. The results for the esterification
experiments showed that the activity of the catalysts depended on the concentration of acid sites per
gram catalyst, catalyst deactivation, and accessibility of the active sites. Furthermore, the catalyst
deactivation was most likely due to the presence of water that caused catalyst leaching and decreased
of active site strength. Meanwhile, in the etherification experiments, the results showed that the
carbon-based catalysts had a comparable activity with a high selectivity to higher glyceryl ethers (fuel
oxygenates). Furthermore, the activity of the carbon-based catalysts was dependent on the total
acidity while being independent of surface area and pore diameter.

In conclusion, carbon-based catalysts with high activity on esterification and etherification
reactions were successfully synthesized. The carbon-based catalysts are promising catalysts for a
more efficient biodiesel production, with potential for the integration of esterification,
transesterification and etherification reactions. Nevertheless, investigation on the full life cycle
analysis of the carbon-based catalyst preparation ought to be done in order to understand its impact on

the environment.

6.2 Recommendations for future works

Further investigations are recommended to understand the behaviour and to explore their commercial
application of the carbon-based catalysts, such as:
1. Study of reusability and regeneration of carbon-based catalysts. In addition, study of
catalyst leaching due to the washing with solvents is also important.
2. Study of the multiple vapour phase sulfonation of higher surface area, bigger pore size, and
thicker pore wall chars.
The mesoporous sugar char used in this investigation was prepared via the silica
templating method using the P/Si molar ratio of 0.31. Had different P/Si molar ratios

been used, the physical and chemical properties of the resulting carbon-based
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catalysts are speculated to be varied. Mesoporous sugar char can also be prepared
from many other techniques such as alumina oxide template, and chemical and
physical activation.

Study of the sulfonation of char prepared at higher carbonization temperatures (i.e., 450 —

800°C).

A higher carbonization temperature produces a more graphitic carbon structure and is
most likely to exhibit different physical and chemical properties which may be
beneficial to the catalyst activity.

Determination of the strength of active sites.

In addition to the total acidity, information on the strength of active sites gives a
better understanding of the carbon-based catalysts’ characteristics.

Study of simultaneous esterification, transesterification, and etherification reactions by the

carbon-based catalysts.

Simultaneous esterification, transesterification, and etherification reactions
experiments should be carried out using the carbon-based catalysts. This would give
important insight on the development of integrated biodiesel production.

Study on the use of a renewable source to replace isobutylene for the etherification process.
Although the use of isobutylene favour the selectivity to DTBGs and TTBG in the
etherification reaction, the use of high pressure to maintain the liquid state requires
additional energy. In addition, isobutylene is non-renewable; therefore, a more

environmentally-friendly compound should to be sought.
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Appendix A Catalyst characterization

A.l Procedure for the detection of sulfate ions using precipitation of barium sulfate

During the preparation of the carbon-based catalysts, the final catalyst was washed with plenty of hot water to
remove the homogeneous sulfuric acid. The washing was done until the pH of the washed water became neutral
and no sulfate ions were detected. The detection of sulfate ions was done by precipitation of barium sulfate
according to the standard procedure by APHA (American Water Works Association et al. 1981). In a typical
experiment, pH of the washed water (50 mL) was adjusted to pH 4.5 — 5.0 using HCI1. 1 — 2 mL of HCI was then
added into the washed water sample. The sample was heated to boiling while stirring gently and 0.1 M barium
dichloride warm solution was added slowly. White precipitate was formed when sulfate ion was present in the
sample.

For the detection of sulfate ions in the product of esterification of oleic acid with methanol (top layer),
a slight modification from the procedure described above was made. Since the amount of sample was small (~4
mL) and easily evaporated when heated as it contained methanol, 10 mL of distilled water and 0.2 mL of HCl
were added. The same heating and addition of 0.1 M barium dichloride as described above was done.

A.1.1 Handling of hydrofluoric acid (HF)

HF was used in the preparation of carbon-based catalyst for the removal of silica template (Chapters 2 and 3).
The MSDS of HF was carefully reviewed for safety precautions to reduce the risk of handling HF which is an
extremely hazardous chemical, both in liquid or vapour forms. HF differs from other acids because the fluoride
ion readily penetrates the skin, resulting in destruction of deep tissue layers, including bone.

HF was always used with adequate ventilation to minimize inhalation of vapour. Concentrations greater
than 5 wt.% was always handled inside a fume hood. A laboratory coat and medium or heavyweight nitrile
gloves were worn at all times when working with HF. A second pair of nitrile disposable gloves was worn under
the reusable gloves for protection against leaks. Gloves that had not been contaminated with HF were disposed.
Contaminated gloves were disposed of as HF waste. HF waste was disposed according to UBC waste disposal
procedures.

HF and HF wastes were stored in labeled chemically compatible containers (e.g., polyethylene or teflon).
Glass, metal, and ceramic containers were not compatible with HF. Precaution was taken not to store HF with
incompatible chemicals such as ammonia or other alkaline materials. HF was placed on a low protected shelf in
a secondary container or other location where it would not be accidentally spilled or knocked over.

A2 Procedure for the porosimetry analysis using the Micromeritics ASAP2020

The degassing program is given below:
Degassing conditions
Evacuation phase

Temperature ramp rate = 10.0°C/min
Target temperature =120°C
Evacuation rate =5.0 mmHg
Unrestricted evacuation from =10.0 mmHg
Vacuum set point =10 umHg
Evacuation time =120 min
Heating phase

Ramp rate = 10°C/min
Hold temperature =120°C
Hold time =60 min
Evacuation and heating phase

Hold pressure =10 mmHg

A.2.1 Sample preparation and analysis

Approximately 1.0 g of sample was placed inside a BET tube (weight of the sample and the tube was recorded)
and degassed according to the condition in Section A.2. After degassing, the sample and the tube was weighed
to get the actual sample weight. During the degassing step, moisture and air were removed, leaving only the
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pure sample. The analysis condition used was multipoint isotherm. Upon completion of the analysis, the results
including the specific surface area, pore volume, and pore diameter distribution were obtained.
The specific surface area of the sample is taken based on the BET value (Brunauer et al. 1938). The

BET equation is as follows:
b
RSy, L
V(I_P%) V,.C\P, \'Ne
Equation A-1
where V is the total volume adsorbed (STP) at pressure P, V,, is the volume adsorbed (STP) at monolayer
coverage, P, is the saturation vapor pressure of the adsorbate gas (or vapour), and C is a constant. A plot of
P

Po
V(i)
be determined, and surface area can be calculated from V,,. The preferred range of Pz for best results is 0.05 to

0.4.

P . . . C1
Versus = should give a linear plot with a slope of
o 1

. 1 .
and an intercept of — , from which V, and C can
VinC VinC

A3 Procedure for the determination of total acidity of a catalyst

Total acidity was determined using a back-titration method. In a typical analysis, 0.1g of sample was put in a
beaker containing 60 mL of 0.008 M NaOH, and stirred for 30 min at room temperature. An excessive amount
of NaOH was used in order to completely neutralize all acidic functional groups in the sample. The NaOH
solution (containing the sample), as the analyte, was then titrated on an automatic titrator (Metrohm 794 Titrino
or 894 Titrino), using 0.02 M HCI as the titrant. The titration was stopped once the analyte pH turned to ~4.
Figure A-1 shows an excerpt of a titrator analysis result print out for a back-titration analysis on VPS2
(Replicate #2).

A.3.1 Sample calculation for the determination of total acidity
Number of moles of 60 mL 0.008 M NaOH (titrator)

mol 4
=0.008 T x 60 mL x =4.8 x10™ moles NaOH

1000 mL
Number of moles of 3.171 mL 0.02 M HCI (titrant) (data obtained from the titrator analysis)

mol s
=0.02 T x3.171 mL x = 6.342 x10™ moles HCI

1000 mL
In a back titration analysis, the acid functional groups on the sample were neutralized with an excessive 60 mL

0.008 M NaOH to ensure a complete neutralization. Therefore, the total acidity of the sample can be calculated
as:

=4.8 x10™ mol - 6.342 x 10” mol = 0.4166 mmol
The total acidity per gram of catalyst
_0.41658 mmol

0.1035 g
The measurement was repeated three times, with the average reported as the total acidity.

=4.02 mmol/g.
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Sample data

Sample SiZe L L L L L. i e e e e e 0.1035 g
End points
DETWU DETUT7.1
EP1 . . ... ... T4T mV . oo 31708 mL
EP2 _ _ ... 1085 mV' . _ . __ . _ . ... _._._.__ 7.7835 mL
EP3 _ .. 1182 mV . . ... %3137 mL
EP4 . 1280 mV _ _ . _ . ... ... ... 104801 mL
Results
EP Vol . . o e e e e e 3471 mL
DETUTA1-DETU
- _'_'__,_,_,-'——_H B
.,-'-"'-'-'_FF
150 -
EP2
% 50
- 3
-50 7 EF1
-150
B Bl il M L | LUl R R Rl i M Rl i b il B M
o 2 4 B 10 12 14 16 189 20 22
V [mL]

Figure A-1 A titrator analysis print out showing the sample information, end points and the titration curve.

Table A-1 shows the total acidity analysis of three replicates of the carbon-based catalysts.

Table A-1 Data for the total acidity analysis of the carbon-based catalysts.

Total acidity (mmol/g)
Catalyst Replicate 1 Replicate 2 Replicate 3 Average SD % SD
VPS 1 3.11 3.19 3.30 3.20 0.10 2.99
VPS 2 3.89 4.02 3.95 3.96 0.07 1.70
VPS 3 4.06 4.08 4.18 4.11 0.07 1.64
Sugar Catalyst 4.19 4.16 4.10 4.15 0.05 1.17

Ad Sample calculation of SO;H concentration

Table A-2 shows the elemental analysis of the carbon-based catalyst. Take the mass of sample as 100 g, then,
the calculation for VPS1,
Number of moles of C

x 100 g x

1 mol

mol

15.9994 g

———— =2.183 moles.
g

=5.313 moles.
g

=1.652 moles.
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Number of moles of S

1
=(0.088 moles.

1
00ex 3 6.

— x
100
Number of moles of SO;H is similar with the number of moles of S since S is contained only in SOs;H groups.
Acidity of SO;H = 0.088 mol x 20 o L .88 mmol/g

Mol ratio to C for H

_ 218
S 5313 7

Mol ratio to C for O

_ L1652
S 5313 7

Mol ratio to C for S

0088 _
T5313

X
1 mol 100 geat

Table A-2 Elemental analysis of VPSI.

Element (wt. %)

t t
Catalys T 8} S

VPS 1 63.81 2.20 26.43 2.81

Mol SO;H, Mol ratio to Carbon
C H 0 S mmol/g | H:C 0:C S:C

Catalyst

VPS 1 5.313 2.183 1.652 0.088 0.88 0.411 0.311 0.016
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Appendix B Sulfonation of char

B.1 Calculation of capillary condensation

Physical properties of fuming sulfuric acid (20 wt.% free SO3) (Muller 2007):
Molecular weight, MW: 98.08 g/mol
Density:
1.925 g/em’ at 25°C;
1.81 g/cm’ at 50°C;
1.80 g/cm’ at 60°C
Surface tension at 50°C:
25 wt.% H,SO, is 0.070 N/m;
75 wt.% H,SO4 is 0.069 N/m;
100 wt.% H,SO,is 0.047 N/m.
Vapour pressure of fuming sulfuric acid (20 wt.% free SO;):
at 200°C =700 kPa
at 240°C = 1833 kPa
By assuming linearity and interpolation, vapour pressure of fuming sulfuric acid (20 wt. % free SOs) at 210°C
can be calculated as:
P;19- 700 1833-700
210-200 _ 240-200
P10 =983.25kPa
In order to find out whether there is a condensation of sulfuric acid vapour in the pores of the particles,
Kelvin equation is used to evaluate the capillary condensation, as follows,

P = POX e(_ %)

Equation B-1
where P is the actual vapour pressure, P, is the saturated vapour pressure, y is the surface tension, V,, is the
molar volume, R is the universal gas constant, r is the radius of the droplet, and T is temperature.

Concentration of sulfuric acid equivalent to fuming sulfuric acid (20 wt.% free SOs3) (oleum) is
calculated as (Muller 2007):
% H,SO0, = 100 + % oleum/4.444
20% oleum = 104.5% H>SO4
Assuming the concentration of sulfuric acid vapour in the sample bed is 45 wt.%, the surface tension of the 45
wt.% sulfuric acid at 50°C is 0.072 N/m (Muller 2007). The capillary condensation at 50°C sample bed
temperature can be evaluated as:

Molecular weight 98.08 _m%)l cm? P m3
~Molar volume, V, = - = —54.19 — =5419 x 10° —
Density 1.81 LS mol mol

cm

Radius of the droplet, r = Pore diameter of sample/2 =4 x 10° m/2=2x 10" m

m3

< 2x0.072—=x5.419 x105 2 >
_ m T mol
-9
2x107mx 8.314 x323 K
P=P, xe Kmol =P, x 1Y =023 P,

Since P, > P, the sulfuric acid vapour condenses onto the pores. Similar calculations for 25, 75 and 100 wt.%
sulfuric acid vapour were made, with the resulting vapour pressures being 0.24 P,, 0.25 P,, and 0.39 P,
respectively. Hence, it can be concluded that the sulfuric acid vapour, regardless of the concentration, condenses
onto the particle pores.

Meanwhile, for an evaluation of the capillary effect for the char sample soaked in the concentrated
sulfuric acid at 210°C, the Kelvin equation can be used for a 100 wt.% sulfuric acid (Note: Data for the surface
tension of 100 wt. % sulfuric acid at 210°C is not available, hence, in this calculation, surface tension at 50°C is
used), as follows:

3
( 2x0.047 N x 5,419 x1072 )
_ m T mol
-9,
2x10%m x 8.314—— x 483 K
P=P, xe Kol =P, x e 003 =053P,
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This shows that the concentrated sulfuric acid easily penetrated into the pores due to the capillary effect.

B.2 Mechanism of sulfonation of benzene

In the catalyst preparation step, the incomplete carbonized sugar was sulfonated using fuming sulfuric acid. The
possible sulfonation mechanism is presented as follows (Solomon and Fryhle 2000):

Step 1: 2HZSO4 =2 SO3 + H30+ + HSO4"
This equilibrium produces SO; in concentrated H,SO,.

Step 2:

o .
Iy ol = o
—> .
+ . 5. @—S—O. resonance
O/S\O . structures

The 7 electrons of the aromatic C=C act as a nucleophile attacking the electrophlhc S, pushing charge out onto
an electronegative O atom. This destroys the aromaticity giving the cyclohexadienyl cation intermediate (SO; is
the actual electrophile that reacts with benzene to form an arenium ion).

Step 3:

+ .O.
- | e e
HSO,\ + I ©7ﬁ,—o_: + HySO,
5 -— o

o o .o

Loss of the proton from the sp’ C bearing the sulfonyl- group reforms the C=C and the aromatic system (A
proton is removed from arenium ion to form the benzenesultonate ion).

Step 4:
|C|) /\‘ fast ﬁ .
O g O
.0, H .0.

The benzenesulfonate ion accepts a proton to become benzenesulfonic acid.

Figure B-1 Mechanism of sulfonation of benzene.

Under favourable conditions, such as high concentration of water and the presence of dilute sulfuric
acid, the equilibrium lies appreciably to the left and desulfonation occurs (Solomon and Fryhle 2000).
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SOzH
@ + H,S0, o—*= ©/ + HyO

Figure B-2 Sulfonation of benzene showing a reversible reaction. Adapted from Solomon and Fryhle (2000).

B.3 Sample calculation of fuming sulfuric acid concentration in liquid and vapour phases

In order to evaluate the difference between sulfonation in liquid and in vapour phase, the actual concentration of
the sulfuric acid at the vicinity of the char particle in each phase is considered. The concentration of 100 wt.%
sulfuric acid at 210°C (the data for density at 210°C is not available in the literature; hence, the density at 60°C
is used) can be calculated from the following:

Density 1.80 gem™ 1000 cm®

- = - X =18.35 mol/L

Molecular weight 98,08 gmol 1L
Whereas, the concentration of 100 wt.% sulfuric acid vapour at 60°C can be calculated as below:
Vapour pressure of 100 wt.% sulfuric acid vapour at 60°C, Ps = 0.2 Pa
From the ideal gas law, PV = nRT, the concentration of 100 wt. % sulfuric acid vapour is

n P 0.2 Nm™ 799 % 107 mol I m’
- or = =7.22x — X
V  RT (8314 JK'mol")(333 K) m? 1000 L

The concentration of sulfuric vapour at various wt.% of sulfuric acid vapour at 60 and 80°C are given in Table
B-1.

=7.22x 10" mol/L

Table B-1 Concentration of sulfuric acid vapour at various vapour pressures and temperatures.

Vapour Pressure, N/m’ Concentration of H,SO4,n/V (mol/L)
wt.% HS0, IBK 353K 333K 33K
25 23000 100000 8.31x 107 3.41x 107
45 10000 50000 3.61x10° 1.70x 107
75 800 4000 2.89x 10 1.36 x 107

The calculation shows that the concentration of sulfuric acid in vapour phase is at least 538 fold lower than the
concentration of concentrated aqueous sulfuric acid. This gives an insight on the magnitude of reaction between
sulfuric acid and carbon; where, the sulfonation of mesoporous char in liquid phase completely destroys the
pores, while sulfonation in vapour phase preserves them.
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Appendix C Esterification of oleic acid with methanol

C1 Structure of oleic acid molecule

Figure C-1 shows a simulated molecule size of an oleic acid, with a length of 2.4 nm and a height of 0.3 nm.
The geometry of oleic acid molecule was optimized by Accelrays Inc., Dmol® module as implemented in the
software. It can be inferred that the oleic acid molecules could have easily traveled into the catalyst pores
(average pore width being 4 nm). However, the chance of the steric effect occurring is also high especially if the
oleic acid molecules agglomerate at the pore mouth. Hence, for the esterification of oleic acid with methanol,
the location of active sites is crucial as it affects their accessibility by the long oleic acid molecules.

2t

Figure C-1 Simulated molecule size of oleic acid. Unit measurement is in Angstrom.

Figure C-2 shows the mechanism of acid-catalyzed esterification. Esterification reactions proceed very slowly
in the absence of strong acid, but they reach the equilibrium within a matter of a few hours when an acid and an
alcohol are refluxed with a small amount of concentrated H,SO, (Solomon and Fryhle 2000). In general, oleic
acid could undergo hydration reaction under a suitable condition (Mosley et al. 2002).
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H +

—5

|
H

The carboxylic acid
accepts a proton from the
strong acid catalyst.

The alcohol attacks the
protonated carbonyl
group to give a

:(|)—H
R—C—'(lj' *—CH,
H—O: H

A proton is lost at
one oxygen atom and
gained at another.

tetrahedral intermediate.

H oo
" RO Ch
T \ﬁ/ R O—CH
x - HgO" ~Noo e 8
R—C—O0—CH; —=—> H—O+ — G
R e — |
H—O: +H;0 0.

Loss of a molecule of
water gives a protonated
ester.

Transfer of a proton to a
base leads to the ester.

Figure C-2 Mechanism of acid-catalyzed esterification reaction.

C.2 Preparation of methyl oleate calibration curve

A stock solution of methyl oleate was prepared in a 5 mL volumetric flask using heptane as the solvent. One
drop of a pure methyl oleate was added into the flask, weighed, and then filled with heptane. The concentration
obtained was 540 mg/L methyl oleate. Three methyl oleate standard solutions were then prepared using the
stock solutions as indicated in Table C-1.

Table C-1 Concentration of methyl oleate standard solutions.

Volume of Methyl oleate Solution
stock solution , pL. standard solution, mg/L

37 3.996 Standard 1

74 7.992 Standard 2

111 11.988 Standard 3

Volumetric flask volume = 5 mL

The standard solutions were then analyzed on a GC-MS to generate the methyl oleate calibration curve.

Table C-2 shows the results of the esterification of oleic acid with methanol experiments. There were 4 to 6

trials done for each catalyst.
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Table C-2 Data of the esterification of oleic acid with methanol catalyzed by CMK-w-SO;H, CMK-SO;H-w,
sugar catalyst, and H,SO, reported in Chapter 2.

Time, h

Concentration of methyl oleate (g/mL). Catalyst: CMK-w-SO;H

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Ave. SD
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
4 0.272 0.296 0.324 0.384 0.321 0.345 0.324 0.039
10 0.423 0.579 0.353 0.447 0.487 0.469 0.460 0.075
24 0.498 0.470 0.401 0.596 0.530 0.523 0.503 0.065
Ti . Concentration of methyl oleate (g/mL). Catalyst: CMK-SO;H-w
ime,
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Ave. SD
0 0.000 0.000 0.000 0 0.000 0.000
4 0.083 0.083 0.155 0.159 0.120 0.043
10 0.230 0.137 0.186 0.199 0.188 0.039
24 0.251 0.252 0.327 0.365 0.298 0.056
- W Concentration of methyl oleate (g/mL). Catalyst: Sugar catalyst
ime,
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Ave. SD
0 0.000 0.000 0 0 0 0.000 0.000
4 0.369 0.295 0.274 0.254 0.243 0.287 0.050
10 0.642 0.643 0.340 0.368 0.323 0.463 0.164
24 0.384 0.381 0.388 0.332 0.319 0.360 0.033
Ti . Concentration of methyl oleate (g/mL). Catalyst: H,SO,
ime,
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6 Ave. SD
0 0.000 0.000 0.000 0.000 0 0.000 0.000
4 0.453 0.377 0.432 0.373 0.334 0.394 0.048
10 0.551 0.541 0.320 0.340 0.437 0.438 0.108
24 0.343 0.296 0.341 0.479 0.319 0.355 0.072

Table C-3 shows the reproducibility of the GC-MS analysis of three arbitrarily selected samples. The average

standard deviation percentage was 3.9%. This indicated that the analysis was reproducible.

Table C-3 Data of the reproducibility of the GC-MS analysis of the esterification samples in Chapter 4.

Concentration of methyl oleate (mg/L)

Sample
Trial 1 Trial 2 Trial 3 Trial 4 Average SD % SD
SC-8h 2.137 2.289 2.146 - 2.191 0.085 3.9
SC-12h 2.569 2.559 2.450 - 2.526 0.066 2.6
VPS2-12h 2.399 2416 2.186 2.221 2.306 0.119 5.2

Table C-4 shows the reproducibility of the esterification experiments. There were 2 runs arbitrarily chosen to be

carried out three times. The average of the standard deviation percentage was 7.35%.
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Table C-4 Data of the reproducibility of esterification experiments in Chapter 4.

Concentration of methyl oleate (mg/L)

Sample
Trial 1 Trial 2 Trial 3 Average SD % SD
VPS2-2h 1.634 1.390 1.294 1.439 0.175 12.2
H,S04-1h 2.396 2.303 2412 2.370 0.059 2.5
C3 Sample calculation of initial formation rate

Figure C-3 shows an activity of VPS1 on the esterification of oleic acid with methanol.

0.7 -
0.6 -
0.5 -

0.4 -

Cy [mol/L]

0.3 -

y=0.0045x

0.2 R2=0.952

0.1
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Figure C-3 Concentration of methyl oleate versus time in the VPS1 catalytic system.

Initial formation rate is the tangent of the curve at the origin. Hence, the initial formation rate for VPS1
catalytic system in this example is 4.5 mmol/L.min.

C4 Calculation of equilibrium constant and equilibrium conversion of esterification reaction

Table C-5 Thermodynamic properties of methanol, oleic acid, methyl oleate, and water

Gibbs free energy of formation, kJ/mol at 80°C

Methanol (CAS# 67-56-1) -153.2
Oleic acid (CAS# 112-80-1) -98.97
Methyl Oleate (CAS#112-62-9) -21.31
Water (CAS#7732-18-5) -237.19 (Liquid)

(Source: Knovel database)

Esterification reaction:
Oleic acid + Methanol S Methyl oleate + Water
The equilibrium constant at temperature T can be calculated from the change in the Gibbs free energy using
-RTIn[K(T)] = AG’Rx(T)
Equation C-1
AG°Rx(80°C) = AG°Methyl oleate + AG°water -AG°Oleic acid - AG°Methanol
=(-21.31) + (-237.19) — (-153.2) — (-98.97)

=-6.33 kJ/mol.
. . Gsilij 1000 J/kJ
an(SO C) = 83145* 353.15K
mO Kmol x :
mK@E0°C)  =2.1558
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Equilibrium constant, K,(80°C)  =¢*'*=8.63

The concentration equilibrium constant K. is
[Methyl oleate][water] C,, x C,,
" [Oleic acid][Methanol]  C, x C,
Equilibrium conversion can be related with the equilibrium constant for an equal molar feed as

Ca,0Xe X Ca 0. X2
K= —20Xoa0%e X _ g 6348
Ca0(1-Xe) x Cap-(1-Xe)  (1-X,)
X

1 ; =vV8.6348 =2.9385
2.9385

e = 3 o355 = 07461=75%

>

Table C-6 shows the data for the samples used to generate the plot in Figure 3-20.

Table C-6 Data of the porosity analysis of the chars and functionalized chars in the multiple vapour phase
sulfonation (Chapter 3).

Sample Sulfonation Sulfonation Micropore BET SA (mzlg) Micropore Pore size (nm)
Temp., °C time,h  Area (m%g) volume (cm?/g)

Sample 1 120 24 141 822 0.058 5.80
Sample 2 120 24 132 790 0.055 5.88
Sample 3 120 24 152 856 0.063 5.75
Sample 5 160 5 138 588 0.060 4.86
Sample 6 22 24 15 100 0.006 3.40
Sample 7 22 24 110 565 0.046 5.17
Sample 8 60 24 79 453 0.033 5.06
Sample 9 60 24 27 177 0.011 3.48
Sample 10 60 1 125 485 0.055 3.79
Sample 11 80 1 111 418 0.049 3.39
Sample 12 40 1 160 531 0.071 3.43
Sample 13 60 0.5 119 584 0.05 4.38
Sample 15 60 4 110 569 0.05 4.24
Sample 16 80 4 102 526 0.04 3.66
Sample 17 60 1 42 121 0.02 2.42
Sample 18 60 1 2.3 2.6 0.0011 1.46
Sample 19 60 24 107 511 0.05 3.62
VPS 1 80 4 74 403 0.03 5.02
VPS 2 60 1 24 106 0.01 3.54
VPS 3 60 1 12 40 0.01 3.18
CMK-w* - - 140 872 0.06 6.34
CMK-w" - - 131 827 0.05 6.28
*Batch 2

"Batch 3

Figures C-4 and C-5 show the nitrogen sorption and pore size distribution of three different batches of CMK-w.

The variation among batches was nominal, which was 3.3% with respect to the BET surface area (Table C-7).
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Figure C—4 Nitrogen sorption isotherm of three different batches of CMK-w measured at -196°C.
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Figure C-5 BJH (desorption) pore size distribution plots of three different batches of CMK-w.
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Table C-7 Analysis of the reproducibility of the preparation of CMK-w.

CMK BET Surface area (m*/g)
Batch 1 880
Batch 2 872
Batch 3 827
Average 860
SD 29
% SD 3.32

CS5 Results of TGA and DTA of VPS2, VPS3, and sugar catalyst spent catalysts.

Figures C-6 through C-11 show the results of TGA and DTA of VPS2, VPS3, and sugar catalysts. Results for

VPS1 are given in Figures 4-6 and 4-7.
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Figure C-6 TGA of fresh and spent VPS2 under N».
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Figure C-7
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Figure C-8 TGA of fresh and spent VPS3 under N,.
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Figure C-9
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Figure C-10 TGA of fresh and spent sugar catalyst under N..
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Figure C-11 DTA of fresh and spent sugar catalyst under N».

C.6 Determination of reaction order

Reaction order was evaluated with respect to oleic acid using first and second order equations.

First order reaction:

dC,
A _k
T
Equation C-2
Integration gives
Ca dc t
A f dt
Cao Ca 0
C
In—22 =kt
Ca

Equation C-3

C . . . .
A plot of In CA" versus t gives a linear curve for a first order reaction. Figure C-12 shows the curve fit of first
A

order equation for all catalytic systems.
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Figure C-12 Curve fit using first order reaction model for the esterification of oleic acid with methanol
catalyzed by VPS1, VPS2, VPS3, sugar catalyst or HySOs.

For a second order reaction, the kinetic expression is:

Integration gives

aC, .,
o DG
Ca dC t
f —2 =k f dt
Cao Ca 0
1 1 Kt
CA CAo -
1 1 it
— +
CA CAo
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1 . . . . 1
A plot of o, versus t gives a linear curve with an intercept of
A

for a second order reaction. Figure C-13 shows

Cao
the plot for second order equation for all catalytic systems.
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Figure C-13 Curve fit using second order reaction model for the esterification of oleic acid with methanol

catalyzed by VPS1, VPS2, VPS3, sugar catalyst, or H,SO,.

Figure C-14 shows the comparison of experimental and first and second order simulations of the oleic acid

conversion. As shown in Figure C-14, the goodness of fit, R?

, of the second order reaction for all catalytic

systems are larger than that of the first order reaction. This implies that the second order reaction kinetics fits
the data better than the first order reaction kinetics. However, the values of R? of the second order reactions are
relatively low. This suggests that the catalytic systems undergo catalyst deactivation, which contributes to the
poor fit when using second order reaction kinetic alone. Hence, a mathematical model has been developed to
incorporate deactivation term into the second order kinetic expression, as shown in Section 4.3.3.
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Figure C-14  Comparison of experimental, first order and second order simulations of the oleic acid

conversion catalyzed by VPS1, VPS2, VPS3, sugar catalyst, or H,SO,.

C.7

Calculation of effectiveness factor

The low conversion of the esterification of oleic acid with methanol catalyzed by the carbon-based catalysts was
associated with catalyst deactivation. In order to estimate the influence of internal pore diffusion on the reaction
rates in the carbon-based catalysts, the Weisz — Prater criterion is used. The Weisz - Prater criterion (Cwp) uses

measured values of the rate of reaction, - rA’ (obs), to determine if internal diffusion is limiting the reaction, as
shown in the following equation (Fogler 2006):

where
- 1A (0bs)
Pe

B N (obs)pCR2

W DeCAs

Specific density of catalyst (g/m")
Catalyst particle radius (m)
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D, Effective diffusivity (m%s)
Cas Concentration of A at the surface (mol/L or M)
All the terms in Eq. C-7 are either measured or calculated, as shown in the following sections. Consequently,
Cwp can be calculated. If
Cwp<<1
there are no diffusion limitations and consequently no concentration gradient exists within the pellet. If
Cwp>>1
internal diffusion limits the reaction severely.
To the best of author’s knowledge, effective diffusivity, De, for the esterification of oleic acid with
methanol is not available in the literature. Therefore, this value is estimated using the correlations available in
the literature as shown in the following step-by-step calculation.

C.7.1 Calculation of effective diffusivity of oleic acid — methanol

Effective diffusivity in porous solids can be calculated as (Fogler 2006)
: Dyg ¢p0c

e ~

1
Equation C-7
where
Actual distance a molecule travels between two points

T = tortuosity = - -
y Shortest distance between those two points

. Volume of void space
¢P: catalyst porosity = Total volume (voids and solids)
o.= Constriction factor
Dap = Mutual diffusivity (m%s)
The values of the tortuosity and constriction factor for the carbon-based catalyst are not known, and are

therefore estimated based on the typical values reported in the literature (Fogler 2006): T= 3.0 and g, = 0.40,
respectively.

Likewise, to the best of author’s knowledge, the mutual diffusion for oleic-methanol at 80°C, D, is
also not available in the literature. This value is estimated using the correlations available in the literature. For
the calculation of effective diffusivity of oleic acid — methanol, their individual properties are given in Table C-

8.

Reaction condition of esterification oleic acid with methanol:
Methanol =250 mmol (MW = 32.04 kg/kmol)
Oleic acid = 25 mmol (MW = 282.467 kg/kmol)
Reaction temperature = 80°C (353K)

Table C-8 Properties of oleic acid and methanol for the calculation of mutual diffusivity.

Density, Viscosity, Mole Molar Volume, Critical Critical Assoc.
p (kg/m3) u (cP) fraction, V (m*/kmol) temperature, pressure, factor,
X; T. (K) P. (Pa) ¢
Oleic acid (A) 853.7 6.556 0.09 0.3309 781 1.39x10° 1
Methanol (B) 725.8 0.2917 0.91 0.0441 1.9

(Source: Knovel database)
Mutual diffusion of oleic acid in methanol is calculated according to Siddigi-Lucas correlation (Knudsen et al.
1997)

9.89 x 10 vz T

AB™ 045 = 0.907
Va U

(0)

Equation C-8
where
D°ap Mutual diffusivity at infinite dilution of A (oleic acid) in B (methanol) (m*/s or
2
cm’/s)
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Va, Vi Molar volume of A (oleic acid) and B (methanol) at its normal boiling point (m*/kmol
or cm*/mol)
By My Viscosity of pure A and B (methanol) (cP)
T Temperature (K)
Hence,
9.89 x 10 x 0.0441°°% x 353

0.3309%4 x 0.2917%07

o —
AB™

2D p=7.6769 x 10° m’s™!
In a similar fashion, mutual diffusion of methanol in oleic acid can be calculated as

9.89x 10° v, 02 T
BA=

(0)

045 = 0.907
VB 2 A

9.89 x 10™ x 0.3309°%° x 353
0.0441%% % 6.5567997
=~ D°pa=1.9275 x 10”° m?s™!
Cladwell-Babb correlation (Knudsen et al. 1997) for mutual diffusivity, Dpg,
Dp=(xp Dps°+ xg Dpg”) B,

o —
BA—

Equation C-9
where
1
M, 2 xP, s 282.467°% x (139x10°) /3

= =7.2881
T, 78176

B\=

hence,
Dp=(0.09 x 1.9275 x 107+ 0.91 x 7.6769 x 107) 7.2881
=5.2155x 10" m?s’!.
The value of catalyst porosity, (l)p, of the carbon-based catalysts is measured in the laboratory as discussed in the

succeeding section.

C.7.1.1 Determination of catalyst porosity
Catalyst porosity, (l)p, can be calculated using the following equation

Y pore
p

Vpore+ E

Equation C-10

where

Vore Total pore volume (cm3/ 2)

P, Catalyst specific density (g/cm”)
Total pore volume of the catalyst sample was measured using a porosimeter (Micromeritics ASAP 2020);
whereas, catalyst specific density was measured using a pycnometer (Quantachrome Instruments).

In a typical pycnometry analysis, a helium gas was used, as opposed to nitrogen gas, because helium
gas could better penetrate into the carbon-based catalyst particles. A micro cup type was used in the
measurement (Table C-9).

Table C-9 Cup and reference volumes for pycnometer measurement.

Standard volumes (Cup type: Micro)

Cup volume, Vc (cm’) 12.1829
Reference volume, Vr (cm?) 6.0925

Below is a sample calculation for sample VPS1:
Measured values: Weight of VPS1, w =1.5695 g
P1=17.137 kPa
P2 =5.982 kPa
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Volume of the particulate sample (V) is calculated from,

Pl 17.137
V,= V.-V, <E'1) =12.1829 - (6.0925) (

5.982

—1) = 0.8218 cm®
The catalyst specific density, p_ is calculated from

1.5695
0.8218
From the porosimetry analysis, the total volume of pores, Vo = 0.51 cm’/g

\Y
x 1000=

Py x 1000 = 1909.73 kgm™ = 1.91 gem™®
P

The catalyst porosity ((l)p) can be calculated as:

Ve 051
¢,= = — =049
Vpore-f-p—q 0.51+ 1—91

The measurement of the solid density of the carbon-based catalyst was done in triplicate (Table C-10), their
average porosities are presented in Table C-11.

Table C-10 Data of the measurement of specific density of VPS1, VPS2, and VPS3.

Sample Specific density, p (g/cm’)
Trial 1 Trial 2 Trial 3 Average SD % SD
VPS1 1.9097 2.0290 1.7157 1.8848 0.1581 8.39
VPS2 1.8496 1.5790 1.4363 1.6216 0.2099 12.95
VPS3 1.0350 1.0302 1.3320 1.1324 0.1729 15.27

Table C-11 Characteristics of VPS1, VPS2, and VPS3.

Catalyst Specific density, Porosity, Total pore volume Particle radius,
p,, 10° g/m’ ¢, Vipores c/g R, um
VPS1 1.885+0.129 0.488 0.51 38.0
VPS2 1.622+£0.171 0.132 0.09 30.5
VPS3 1.132+£0.141 0.035 0.03 27.0

Effective diffusivity in porous solid (VPS1) can now be calculated as
DAB¢p0c _0.000521554x0.492x0.4

¢ G 3.0
The data below were obtained experimentally,
Reaction rate, -rs (obs) = 3.567 x 10 M/s. gcat
Finally, once all the required terms are obtained, the Weisz — Prater criterion can be calculated using the
correlation

=3.4214 x10°m2s™!

rApSR2
WP DeCAs
Equation C-11
For example, for VPS1, with Cxs = 1.388 M,
4. 6. 2
Cypp= e R AR = 002« 1 - there is no diffusion limitation.

3.4214 x107x1.388
Realistically, the concentration at the surface, Cas, cannot be measured by standard techniques. Table C-12
shows the Weisz — Prater criterion for various Cas values. All catalysts show no diffusion limitation up to 0.092
mol/L. In the esterification experiment, the lowest concentration of oleic acid at maximum conversion was 0.5
mol/L. This implies that, for all the catalytic systems tested, there were no diffusion limitations.
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Table C-12 Weisz - Prater criterion for VPS1, VPS2, and VPS3 at various C,g values.

. . . Weisz — Prater criterion, C
Concentration of oleic acid > WP

at the surface, C,g (mol/L) VPS1 VPS2 VPS3
1.388 0.02 0.07 0.06
0.200 0.14 0.46 0.39
0.092 0.31 0.99 0.85
0.080 0.36 1.14 0.98
0.060 0.48 1.53 1.30
0.020 1.43 4.58 3.90
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Appendix D Etherification of glycerol with isobutylene

D.1 Structure of glycerol molecule

Figure D-1 shows a simulated molecule size of a glycerol, indicating a molecule length of 0.63 nm and a height
of 0.34 nm. The size of glycerol is relatively very small compared with the pore diameter of VPS1, VPS2 and
VPS3 (~4 nm). This suggests that glycerol molecules can easily access the active sites in the pores without
steric effect as opposed to the circumstance in the esterification of oleic acid.

Figure D-1 Simulated molecule size of glycerol.

D.2 Detailed procedures for the etherification of glycerol with isobutylene experiment

Figure D-2 shows the dimension of the 50 mL autoclave reactor. The volume of reactor below the mechanic
stirrer level is
_aD’  m(33.02 mm)?
= TH_ —
The volume of glycerol has to be at least 4.5 mL in order to reach the level of the mechanic impeller. Without

x (58.42 mm-52 mm)= 4544 mm?=4.5 mL

the impeller switched on, glycerol does not mix with isobutylene, but settles at the bottom of the reactor
together with the solid catalyst. A good mixing of glycerol, isobutylene, and the catalyst is achieved once the
impeller is switched on with the glycerol level is above the level of the mechanic impeller, as shown in Figure
D-2. If a reaction was performed with the volume of glycerol below the level of the mechanic impeller, the
mixing would not happen immediately because of immiscibility of glycerol and isobutylene. Hence, in this
study, an isobutylene to glycerol molar ratio of 2:1 was used, where the volumes of glycerol and isobutylene
were 13 and 33 mL, respectively.

120



[ TATTTTTTTTTTTATTTTTTTTN
35 mm
l 52 mm 58.42 mm
— e RREE TR AN
22X}

+— 33.02mm —»

Figure D-2 Dimension of a 50 mL autoclave reactor showing the height of the mechanic
4-blade impeller and sampling tube (not to scale).

A list of chemicals used in the experiment is presented in Table D-1.

Table D-1 Properties of chemicals used in the etherification of glycerol with isobutylene experiment.

Compound MW (g/mol) Density, g/mL Purity, %
Glycerol 92.09 1.262 98.57
MTBG 148.20 1.44 99.08
DTBG 204.31 0.9223' 72.96
TTBG 260.41 0.8000° 87.88
DIB 112.21 0.708

1,3-propanediol 76.09 1.053 93.53
Isobutylene 56.11 0.59

MSTFA 199.25 1.075

Pyridine 79.10 0.978 100

"2 Experimentally measured in the lab by taking the weight of 100 and 10 uL for DTBG and TTBG,
respectively (Table D-2). The measurement was repeated 3 times, and the data reported are the average. The
errors of the DTBG and TTBG densities are 3.9 and 4.5%, respectively.

Table D-2 Data of the measurement of the density of DTBG and TTBG.

Volume Density (g/mL)
Sample (ul) Trial 1 Trial 2 Trial 3 Average SD % SD
DTBG 100 0.9040 0.9250 0.9380 0.9223 0.0172 1.86
TTBG 10 0.7600 0.8100 0.8300 0.8000 0.0361 4.51

D.2.1 Procedure for analysis of glycerol etherification with isobutylene product

D.2.1.1 Preparation of calibration curves using Internal Standard technique

0.0304 g of 1,3-propanediol used as internal standard was dissolved in 972 pL pyridine. Concentration of the
internal standard (IS) can be calculated as:
Volume of 0.0304 g 1,3-propanediol
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_0.0304g 1000 pL

= X =29
1.053-5-" 1mL L
mL
Concentration of IS
D038 0.0353
76. ol mmol

T =373.35

1
1000 i * T000 mL
A stock solution containing glycerol, MTBG, DTBG, and TTBG was prepared in a 5 mL volumetric flask, using
1,4-dioxane as solvent, as shown in Table D-3.

(972429 pL) x

Table D-3 Stock solution for the preparation of calibration curves.

Analyte Weight, g Moles, mmol Concentration, mmol/L
Glycerol 0.0040 0.0428 8.56
MTBG 0.0050 0.0335 6.69
DTBG 0.0080 0.0286 5.72
TTBG 0.0040 0.0135 2.70

Sample calculation:
Concentration of glycerol

0.0040 g % 0.9857 x 1000 mmol

_ 92.09 g/mol 1 mol =8.56 mmol/L

T
S mL X 7566 mL

Standard solutions were prepared from the stock solution and the internal standard solution in 1 mL glass vials
as shown in Table D-4.

Table D-4 Preparation of the stock solutions with the internal standard and derivatizing agents.

. Volume, pL.
Standard Solution Stock IS MSTFA TOTAL
Standard solution 1 10 10 10 30
Standard solution 2 50 10 10 70
Standard solution 3 100 10 10 120

The standard solutions were rigorously mixed using a vortex mixer at 3000 rpm for 10 s. The solutions were left
in a fume hood for 30 min at ambient condition for a complete derivatization reaction. 800 pL heptane was
added to each standard solution. In order to get a more dilute sample without using a large quantity of solvent, a
serial dilution technique was adopted. All standard solutions were further diluted 1000 folds using heptane. The
final concentration is shown in Table D-5.

Table D-5 Final concentration of the standard solutions.

Analyte concentration, nmol/L

Standard Solution Glycerol MTBG DIBG _ TIBG IS MSTFA
Standard solution 1 103 81 69 33 4498 65000
Standard solution 2 492 384 328 155 4291 62000
Standard solution 3 931 727 621 293 4058 59000

Sample calculation:
For Standard solution 1, concentration of glycerol

_< 10 )( 1 )856mIH01—1031 1O_4mm01 1O()nmol _103nm01
= \30+800/ \1000/*° "L T L 7 mmol L
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The standard solutions were then analyzed with a GC-MS using internal standard quantitative analysis
technique to generate the calibration curves.

Samples were withdrawn from the reactor during the reaction at the interval of 3, 5, 8, 12 and 22 h.
Approximately, a volume of ~300 puL of sample was withdrawn in every sampling. Samples were centrifuged at
12000 rpm for 10 min to separate the catalyst. 10 pL of the clear supernatant was carefully transferred into a 5
mL volumetric flask. The flask was then filled with 1,4-dioxane to dilute the sample. The samples were then
derivatized by mixing 50 pL of the diluted samples with 10 pL of each IS solution and MSTFA. Further
derivatization steps were similar to the procedures described previously.

Overall sample dilution factor can be calculated as follows:
Sample dilution with 1,4-dioxane, DF,

Total volume 5000 pL
- Sample volume 10 pL

=500

Sample dilution with derivatization solutions, DF,
_ 70+800 _174

50
Sample dilution with heptane, DF,

1000
= TZIOOO

Overall sample dilution factor, DF = DF, x DF; x DF; = 500 x 17.4 x 1000 = 8,700,000
Actual concentration of samples = DF x GC-MS quantitative analysis.
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