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ABSTRACT
Petroleum coke (petcoke) is a solid waste of the oil industry, with limited use due to its high sulfur
content (> 6.5 wt%) and other impurities. As a carbon-rich, abundant and inexpensive material,
petcoke is a potential resource for carbon-based catalysts. Esterification is a broad, important class
of reactions for which carbon-based catalysts have been investigated and applied successfully. The
treatment of petcoke (functionalization) with different conditions of temperature, time, and types

of acid incorporates surface groups, which are the active sites for the reaction.

This study tested the catalytic performance of acid-modified petcoke samples over a model
reaction: esterification of octanoic acid with methanol. A commercial catalyst, Amberlyst-15, was
used for comparison. The effect of various parameters was evaluated, including stirring speed (200
- 800 rpm), temperature (40 - 80 °C), catalyst loading (1 - 4.5 wt%), and methanol-to-acid molar
ratio (40:1 - 10:1). The selectivity of all catalysts was 100% towards the ester yield, with no

byproducts from the reaction.

The method for the evaluation of catalyst activities was based on Kinetic parameters and turnover
frequency. The catalytic activity of acidic petcoke samples was comparable to the commercial
catalyst in terms of conversion with time at the same reaction conditions, and even higher on a per
acid site basis. Based on those results, acid-modified petcoke is a prospective material for

catalyzing esterification reactions.

Different properties arise from the treatment of petcoke with strong acids. The number of strong
acid sites, overall acid strength as well as the surface hydrophobicity all influence the catalytic
performance for the esterification reaction. Leaching of active sites was problematic and resulted

in almost complete deactivation of the petcoke-derived catalysts. An appropriate balance in the



surface hydrophobicity/hydrophilicity and a strong attachment of the active sites to the petcoke

surface are required for stability.
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Chapter One: INTRODUCTION

1.1 Overview

Petroleum coke (petcoke) is a low-value byproduct from the refining of crude oil [1]. It has been
stockpiled as a solid waste of the oil industry over many years, accounting for millions of tonnes
per year worldwide [2]. Petcoke has limited applications as fuel for boilers, anodes for the smelting
industry, and cement manufacture due to its high sulfur content (> 6.5 wt%) and other impurities
[3]. It is also a source of pollutants, including aromatics compounds and volatile compounds [4].
However, as petcoke is a carbon-rich, abundant and inexpensive material, it is a potential resource
for carbon-based catalysts [5]. Activation treatment of petcoke is the typical initial stage, followed
by a functionalization, a step in which surface groups are incorporated [6]. Functionalized carbon
has been used for many reactions, including esterification, transesterification, hydration,
hydrolysis, hydrogenation, photocatalysis, electrocatalysis, dehydration, and dehydrogenation of

alcohols [7], [8].

Esterification, in particular, is an important class of reaction in organic synthesis [9]. Its products,
esters, are present in several daily and industrial applications, such as solvents, fragrances,
pharmaceuticals, plasticizers, flavors, pesticides, herbicides, biofuels, and other intermediates
[10]-[12]. Many esters are important intermediates for the petrochemical industry, being produced
through reactive distillation [13]. Another example is that esters derived from lactic acid are
promising green-substituents for toxic halogenated compounds derived from the petroleum
industry, widely used as solvents for several applications [14], [15]. In the last decades, special
attention has been given to the esterification of free fatty acids for biodiesel production [16],

resulting from searching for alternative energies in the current scenario. The reduction of total acid



number (TAN) of crude oil by esterification of naphthenic acids is another important application

of this class of reaction [17].

The heterogeneous esterification reaction is preferable to homogeneous reactions or supercritical
technologies because of recyclability, lower waste generation, and lower energy consumption [18].
Thereby, considering all those advantages, including the high content of carbon in petcoke,
esterification reaction is a potential field for the application of petcoke-derived catalysts. There are

only a few investigations in the literature, however, about this implementation.

Liu et al. [19] reported a good performance for esterification of petcoke materials, chemically
activated at 800 °C in the presence of KOH, with a subsequent acid treatment with ammonium
heptamolybdate and activation by carbothermal hydrogen reduction up to 900 °C. Wu et al. [20]
also reported high activity and reusability of petcoke-derived materials, previously activated with
KOH at 800 °C, followed by sulfonation. Xiao & Hill [21] investigated the performance of
sulfonated petcoke samples without previous activation, which showed comparable activities for
esterification to the typically used homogeneous catalyst, sulfuric acid. Despite the reported results
of petcoke materials over esterification reactions, there is no baseline for comparison between
them in terms of activity. Therefore, the development of a proper method for analysis of
functionalized petcoke-derived materials concerning turnover frequency is an opportunity for the

current study.

1.2 Objectives
This thesis aims to provide a better understanding of how to test and compare the catalytic activity
of solid-acid catalysts prepared from petcoke for esterification reactions. The experimental setup

and data collection were improved, and the effect of various parameters (including temperature,

2



alcohol-to-acid (molar) ratio, stirring speed, and loading of catalyst) on the reaction rate was
determined. Two main topics were examined in this thesis:
- method limitations: evaluation of the influence of various parameters on kinetics results
and assumptions for this study;
- performance of acid-modified petcoke in comparison to a standard catalyst over a model
esterification reaction, evaluation of required properties of materials — selectivity, activity,

and stability — and analysis of the influence of acidic, structural, and physical features.

1.3 Thesis Organization

There are five remaining chapters in this thesis. Chapter Two provides background information
and a literature review on the fundamentals of esterification, solid acid catalysts, kinetic model,
and thermodynamics related to this reaction. Chapter Three describes the methodology for activity
measurement, stability test, determination of kinetic parameters, and sources of error. Chapter Four
describes the method limitations for the kinetic analysis of the next chapter, including preliminary
tests, reactor setup, data collection and analysis, transfer limitations, and equilibrium conversion.
In Chapter Five, kinetic parameters of an esterification model reaction catalyzed by acid-modified
petcoke are presented in comparison to a standard catalyst. Moreover, the chapter includes the
assessment of the activity and stability of petcoke-derived catalysts, and an analysis of the acidity
of those catalysts. Chapter Six presents the conclusions and recommendations for this thesis. The
block diagram below, Figure 1-1, represents the primary outcomes from experiments and results

presented in Chapters Four and Five.
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Chapter Two: LITERATURE REVIEW
2.1 Esterification Reaction
Also known as Fischer esterification, these reversible reactions condense a carboxylic acid and an
alcohol to produce an ester and water, Equation 1. Hydrolysis is the reverse reaction. An acid
medium is necessary to promote the reaction: the presence of either a homogenous or a

heterogeneous acid catalyst [22].

H*
R,00H + HOR, ~ R,00R, + H.0 1

=

Esterification reactions are typically carried out at low/mild temperatures (< 260 °C, to minimize
thermal decomposition) and low pressures (even vacuum in the case of a homogeneous reaction,
< 5 kPa) [13]. Most researchers, however, generally focus on optimizing reaction conditions for
ambient pressures and temperatures not higher than 80 °C, because of the thermal stability
limitations of some catalysts, such as ion exchange resins [23]. Even lower temperatures are used
for biological catalysts (enzymes) [24]-[26]. Therefore, more efficient catalysts have been the
primary focus of research. Considering that the catalytic activity stems from the interaction of
several parameters, different modifications on the materials have been tested to provide better

catalytic properties.

2.2 Catalytic Esterification

In the absence of a catalyst, esterification is restricted to a low reaction rate (as low as
1 x 107 mol/mL-min), depending on the autoprotolysis of the carboxylic acid (self-catalyzed
reagent) [15], [22], [27]. Therefore, the utilization of external acid catalysts (homogeneous or

heterogeneous) is common, including biological catalysis [28]. The use of homogeneous catalysts,



such as sulfuric acid or hydrochloric acid, is widely reported in the literature [13], [29]-[32]. There
is a particular interest in heterogeneous catalysis, however, due to the recyclability after the
reaction, no need for neutralization, easier separation, minimal waste generation, little corrosion,
and lower energy consumption (no additional operations of neutralization and purification), and
lower environmental pollution for recovery compared with homogeneous catalysts [32]-[36]. The
challenge is reaching equivalent efficiency in terms of activity as the homogeneous catalysts, and
stability for reuse [20], [37]. The homogeneous catalyst sulfuric acid (H2SOa4), for example, is
composed almost entirely of active species for catalysis, which explains its greater activity [38].
Solid acid catalysts generally become less active when reused. The deactivation is mainly caused
by the leaching of active sites into the reaction media, adsorption of water formed during the

reaction, and deposition of organic compounds on the catalyst surface [38], [39].

2.2.1 Solid acid catalysts

Researchers have been investigating the use of potential solid acids for esterification. An example
is Nafion-H, an ion exchange resin and the oldest heterogeneous catalyst applied for this reaction
[29]. Many other solid acid catalysts have been developed, which have advantages and

disadvantages, depending on the reaction conditions.

Solid acid catalysts are normally described in terms of the acidity, i.e., concentration of functional
groups, strength and nature (Brensted/ Lewis), and support morphology, i.e., surface area and
porosity [40]. Among others, the types of solid acids include ion exchange resins [41]-[43], zeolite
[44], [45], mesoporous silica [46], [47], sulfonated-zirconia [48]-[50], and niobic acid [51], [52],

which will be briefly described next, followed by a review of carbon-based solid acid catalysts.



lon exchange resins are sulfonated crosslinked polystyrene [13]. They are common catalysts for
liquid-phase esterification with more than 60 years of application in the industry [13]. Their
behavior in different reaction compositions is governed by their polymeric nature [53]. The
catalytic activity normally depends on swelling in a polar medium [54], which makes the acid sites
(sulfonic groups) readily available to the reactants [54]. The deficient thermal resistance, however,
prevents its use over 120 °C [33]. Also, the stability of ion exchange resins is relatively low. The
presence of water promotes the dissociation of sulfonic acid groups in the solution, deactivating

the polymer [13].

Zeolites are crystalline aluminosilicates interlinked by oxygen atoms [53]. They show good
resistance at elevated temperatures due to the pretreatment (> 500 °C) [55]. The synthesis bases
on the desired catalytic properties: acid strength distribution, hydrophobicity, and pore size,
leading to modifications on the acid exchange level, framework Si/Al ratio, and crystalline
structure, respectively [55]. The high performance of zeolites is mostly due to the strength of
Bransted sites prepared within a certain range of acidity [33]. Zeolites act as molecular sieves,

adsorbing some molecules selectively for reaction, while excluding others [53].

Mesoporous silica is a composite matrix with pore diameters in the range of 2 - 50 nm, in which
the pore size can be fine-tuning, as in zeolites [53]. They are semi-crystalline materials, however,
because of amorphous pore walls [53]. Pure mesoporous silica has low activity, acidity, and
thermal stability due to the neutral framework (Si) [56]. Thus, the activity, stability, and selectivity
depend on the incorporation of acid sites, metal atoms or Brgnsted acids, within the catalyst

framework [53].



Sulfated zirconia (SO4%/ZrQO2) generally shows good catalytic activity, selectivity, reusability, and
thermal stability [33], [40]. Zirconia occurs as three polymorph phases: monoclinic, tetragonal,
and cubic, with the tetragonal phase being the most active [13]. The catalytic activity and
selectivity are related to the following properties: mesoporosity, formation of tetragonal phase,
and optimum ratio Brgnsted/Lewis acid sites [33], [57]. The leaching of sulfate species is observed

with treatments above 850 °C and in an aqueous medium [53].

Niobic acid (hydrated niobium oxide, Nb2Os-nH20) is another inorganic solid Brgnsted acid [58],
which shows great performance due to a high acid strength, even in the presence of water [33].

Nevertheless, the strong acidity decreases severely with heat treatment above 520 °C [59].

Carbon-based catalysts were described by Konwar et al. [60] as highly active and economically
attractive catalysts for esterification, among other solid acid materials. As reported in the literature,
carbon-based catalysts can achieve high catalytic performance compared to other solid acid
catalysts, being ca. 60 - 80% as active as concentrated sulfuric acid, under the same reaction

conditions [61]-[64].

2.2.2 Carbon-based catalysts

Carbon materials have been extensively studied for the catalysis of esterification reactions, as they
might be prepared from a wide range of low-cost carbonaceous sources [19], [65]-[68]. Carbon-
derived catalysts typically offer good operational stability, mechanical properties, chemical
inertness, thermal conductivities, low densities, easy accessibility and surface functionalization,

and surface hydrophobicity [63], [69]-[71].



Carbon materials have a broad pore-size distribution, from microporous (< 2 nm) to macroporous
(> 50 nm) [70]. The mesoporosity (2 nm < pore size < 50 nm) favors diffusion, facilitating the
contact of reactants with the active sites (internal and external sulfonic groups) [66]. Porous carbon
can be easily prepared by incomplete carbonization, showing adequate pore size (2 - 6 nm) for use
as a support [20]. The surface area of carbon materials also shows a large range, from < 2 m?/g
(amorphous carbon) [64], [72] up to 3000 m?/g (biomass-derived microporous activated carbon)

[70].

Most carbon-based catalysts reported in the literature have sulfonic (-SOsH), carboxylic (-COOH),
and phenolic hydroxyl (-OH) functional groups attached to the surface, with varied acid densities
[73]. In this case, the esterification is catalyzed by the sulfonic groups [20], [74]-[76], which work
as strong Brgnsted acid sites (proton donors) in the reaction mechanism [8]. Sulfonic groups linked
by strong hydrogen bonds are responsible for a stronger acidity due to the mutual electron-
withdrawal [58]. The other functional groups, -COOH and (phenolic) -OH, also contribute to a

significant fraction of the total acidity [68].

Although -COOH and -OH (also Brgnsted acid sites) have weak acidities to catalyze the
esterification, they might contribute to the catalytic activity in some cases [67]. By improving the
hydrophilicity of the carbon material through the strong affinity of -COOH and -OH with the polar
moiety of the reactants, those weak acid groups act as anchoring sites and enhance the access of
reactant molecules to the material surface [75], [77]. Solid acids with hydrophilic surfaces,
however, show a decrease in the reaction rate when a significant amount of water is present in the
reaction system [78]. Water hinders the reactants from interacting with the active sites effectively

by forming a layer over the hydrophilic species [64][79]. Thus, the hydrophobic surface of the



material helps keep the acid strength stable when water is present by preventing the hydration of

functional groups [68].

2.2.3 Petcoke-derived catalysts

The raw petcoke properties depend mainly on the type and conditions of the coking process
(delayed versus fluid coking) and the feedstock composition [3]. Petcoke is generally a
microporous material though, as determined by the characterization analysis with CO, adsorption

[3]. Table 2-1 lists the typical composition and properties of petcoke.

Table 2-1. Characterization analysis of petcoke. Adapted from J. M. Hill, A. Karimi, M.
Malekshahian, Characterization, gasification, activation, and potential uses for the millions of
tonnes of petroleum coke produced in Canada each year, Can. J. Chem. Eng, 92, 1618-1626 [3].
Copyright (2014), with permission from John Wiley and Sons.

Fluid coke Delayed coke

Quantitative analysis (%)*

Moisture 13 0.3

Ash 2.0 3.7

Volatile 6.9 15

Fixed carbon 91 82
Elemental analysis (%)*

Carbon, C 84 84

Hydrogen, H 1.9 3.8

Nitrogen, N 2.2 1.8

Sulfur, S 7.5 6.5

Oxygen, O 4.8 3.8
Surface area - N2, BET (m?/g) 20 1.9
Surface area - CO,, DR (m?/g) 300 110

*Due to the standard errors (less than = 1 wt% for the quantitative analysis, and less than
+ 0.5 wt% for the elemental analysis), the values do not add up to 100%.
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Several metals are present in petcoke, especially Si and Al, including small amounts of Fe, Ca, Ti,
K, Na, Mg, and P [3]. The high concentration of sulfur is one drawback of using petcoke as fuel,
which leads to environmental problems and severe fouling and corrosion on the heat transfer tubes
[80]-[82]. The sulfur in petcoke is presented mostly in organic forms, as stable compounds such
as thiophene, requiring high temperatures for removal (> 1100 °C) [83], [84]. For the application
in solid acid catalysts, however, petcoke has the advantage of not requiring previous

desulfurization.

The typical synthesis process to prepare materials from petcoke starts with a thermochemical
treatment. This step is carried out at activation temperatures in the range 450 - 900 °C [19] during
short times (2 h or less), with co-activation agents as KOH [85], to result in developed pores and
surface area for use as a support or as a catalyst, itself. Nevertheless, Xiao & Hill [21] demonstrated

successful synthesis of petcoke-derived catalysts without previous activation.

The next step is the functionalization of the material. Oxidizing acids, like sulfuric acid and nitric
acid, are employed in a wet chemical treatment that normally results in a high degree of
functionalization [86]. Sulfuric acid (concentrated or fuming) incorporates -SO3zH on the material
surface, while oxygen-containing groups (-COOH and phenolic -OH) are also generated by the
oxidation of aliphatic CH3/CH. [78]. Besides those groups, nitric acid is also responsible for

incorporating some nitrogen hetero doping [87].

2.3 Kinetics
The reaction order and kinetic model can not be generalized for this class of reactions since
different conditions are employed for each reaction over the range of one (formic acid) to twenty

carbon atoms (arachnid acid) — aliphatic to aromatics — or more.
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Therefore, in terms of the kinetic model, esterification reactions generally fall into one of the
following: pseudo-homogeneous, Eley-Rideal, and Langmuir-Hinshelwood (L-H) [15], [88],
depending on the reaction mechanism over the catalyst; and first or second order, according to the

molar ratio of reagents.

The overall rate is expressed by the reversible model, Equation 2, depending on the concentration

of all compounds in solution.

—-r = kchCB - kZCCCD 2

where —r is the rate of reaction (mol/mL-min); C, and Cz are the concentrations (mol/mL) of
carboxylic acid and alcohol, C. and C, are the concentrations of ester and water (mol/mL); and k;

is the rate constant for the forward (1) and reverse (2) reaction (min).

The pseudo-homogeneous first-order reaction model is the most recurrent kinetic model applied
for esterification reactions [18], [89], especially when a molar excess alcohol (usually > 10:1) is
provided for the reaction [31], [54], [88]. For the first-order reaction, alcohol is provided in excess,
which holds its concentration almost constant, and the forward rate depends only on the acid
concentration. Thus, the rate of reaction can be estimated by Equation 3 for the beginning of

reaction — when the concentration of products is not relevant [90].

-Tr = k1CACB = kCA

where k is the pseudo-first-order rate constant (min). When the alcohol-to-acid molar ratio is
equal to 1:1, however, the rate depends on the concentration of both reagents. Thus, the second-
order model can be used to fit the reaction data at the beginning of the reaction: —r = k,C,Cs.
Still, some authors prefer to use this model even using excess alcohol [91], [92].
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The equilibrium rate constant (K, ) can be determined experimentally according to Equation 4:

kq Xg

Kezk—zz(e_xe)(l_xe) 4

where 8 is the alcohol-to-acid molar ratio; and x, is the equilibrium conversion of carboxylic acid
(dimensionless). The term x represents the conversion of the limiting reagent (A) during the

reaction and is given by the ratio between moles of A reacted and moles of A fed.

Esterification reactions can be catalyzed over either Brensted or Lewis acid sites [64]. In the Eley-
Rideal model, a common mechanism in catalysis by solid acids, only one reactant bonds to the
catalytic groups (normally the more polar), while the other combines with it [13]. Figure 2-1
illustrates this mechanism over a Lewis acid site (L*). The carbonyl oxygen of free fatty acid
interacts with the acidic site of the catalyst producing a carbocation. The nucleophilic attack of
alcohol to the carbocation forms a tetrahedral intermediate, eliminating a water molecule to form

a molecule of ester [93].
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Figure 2-1. Schematic of esterification catalyzed by Lewis acid sites (L™) of TPA catalyst.
Adapted from M. G. Kulkarni, R. Gopinath, L. C. Meher, A. K. Dalai, Green Chem., 2006, 8,
1056-1062 [93], with permission from The Royal Society of Chemistry.
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The Langmuir-Hinshelwood model is also reported by some studies related to esterification [15],
[94], when both reactants are highly polar and bond strongly to the catalytic group [13]. In this
case, the reagents carboxylic acid and alcohol may adsorb on either Brgnsted or Lewis acid sites
of the catalyst. The mechanism of adsorption on Brgnsted acid sites (B*) is illustrated in Figure
2-2. A Brgnsted acid protonates the hydroxyl group of alcohol; meanwhile, the carboxylic acid is
also protonated on an adjacent site forming the carbocation. The nucleophile is produced by
deprotonation of the alcohol, followed by an attack to the carbocation. A tetrahedral intermediate

is generated, followed by the ester formation after water elimination [88].
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Figure 2-2. Dual-site mechanism of esterification with reagents adsorbing on Bransted sites (B*).
Reprinted from Z. Zeng, L. Cui, W. Xue, J. Chen, Y. Che, Recent Developments on the Mechanism
and Kinetics of Esterification Reaction Promoted by Various Catalysts, Chemical Kinetics, Vivek
Patel [88]. Copyright (2012), with permission from IntechOpen.

The reaction rate on the catalyst surface (—7;) can be estimated from Equation 5 for the dual-site

mechanism.

~ kC,Cp
ST A+ K.Cy + KyCp)? 5

where K; and K, are the adsorption equilibrium constants for each reagent on the catalyst surface.
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2.3.1 Reaction Model

The esterification of octanoic acid with methanol (Equation 6) was chosen as a model reaction for
testing the activity of the catalysts in this research. Also known as caprylic acid, octanoic acid
naturally occurs in coconut oil (8.0 wt%) and palm kernel oil (0.3 wt%) [95], both of which are
used for biodiesel production. Moreover, methyl octanoate (the product of octanoic acid
esterification) is an important ester for the food industry and agrochemical manufacturing [96].
Being a medium chain length free fatty acid, octanoic acid is a good model compound for
esterification over petcoke-derived catalysts, since various other applications can be extrapolated

by this research.

C,H,sCOOH + CH,0H = C,H,sCOOCH; + H,0 6

Water is another product of this reaction. The kinetics of octanoic acid esterification with methanol
or ethanol was studied over several catalysts, including doped (sulfated, tungstated, titania)
zirconia, niobic acid, sulfuric acid, SAC-13 (Nafion/silica hanocomposite), sulfated tin oxide,
sulfated carbon, sulfated aluminum phosphate, acidic ionic liquid, heteropolyacid-based ionic
liquid, and acid-activated clays [23], [37], [38], [48], [51], [76], [97]-[103]. Based on those studies,
varied reaction conditions were tested, and the materials showed conversions in the range of 10 -
100%. The most active catalysts at mild conditions (60 - 65 °C and 3 - 4 h), however, were sulfuric

acid and niobic acid, followed by ionic liquid and sulfonated carbon.

2.3.2 Activation Energy
The activation energy (Ea) is defined as “the minimum energy required for a chemical reaction to
take place. During this process, the energy of the system increases to a maximum, then decreases

to the energy of the products. It is the energy barrier that has to be overcome for the reaction to
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proceed” (Rennie & Law, 2016) [104]. The Arrhenius equation relates the activation energy to the

rate constant, which depends on temperature as given by Equation 7,
k=dAe “/rr 7

where k is the rate constant of the forward reaction (min™); A is the pre-exponential (or frequency)
factor (min™t), related to the frequency of successfully oriented collisions between molecules; E,
is the activation energy (J/mol), normally called “apparent activation energy” in catalytic reactions;
R is the universal gas constant (8.314 J/mol-K); and T is the temperature of reaction (K). The pre-
exponential factor is also related to the number or concentration of active centers for reaction [105].
Effective catalysts decrease the activation energy of reaction, hence increasing the reaction speed.
In the absence of other transfer resistances, high values (> 25 kJ/mol) of activation energy may
imply that the reaction is controlled Kkinetically and not diffusively [106]. Despite that,
experimental tests of catalyst loading and calculated parameters, including the Thiele modulus and
effectiveness factor, are other factors to be evaluated regarding Kinetic control and transfer

limitations.

2.3.3 Heat and Mass Transfer Limitations

Heterogeneous catalysts are subject to heat and mass transfer effects to and from the solid-fluid
interface. Those limitations stem from the nature of the catalyst, as solid catalysts are normally
prepared on porous supports, and a three-phase reaction occurs (solid-liquid-liquid) [39]. While
external transfer resistances occur from the bulk of the reactant system to the outer particle surface
of the catalyst, the internal transfer takes place from the outside of the particle to the active sites

inside the pores [107].
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Mass transfer limitations generally decrease the observed reaction rate. Heat transfer limitations
also affect the reaction rate. For endothermic reactions, heat transfer limitations are responsible
for decreasing the equilibrium conversion since not enough heat is supplied to the catalyst surface.
In exothermic reactions, the released heat is not removed effectively, increasing the reaction rate
and shifting the equilibrium conversion. The heat and mass limitations may be additive or

counteract one another [107].

Therefore, it is important to avoid those effects in kinetic studies. Only when external and internal
transfers are fast enough can the intrinsic reaction rate be measured [90]. As demonstrated by

Figure 2-3, the effects of transfer limitations also impact the activation energy of the reaction.
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Figure 2-3. Effects of transfer limitations on catalytic activity. Reprinted from M. Boudart, G. W.
Huber, J. A. Dumesic, Principles of Heterogeneous Catalysis, Handbook of Heterogeneous
Catalysis, vol 1, ch 1.1 [13]. Copyright (2008), with permission from John Wiley and Sons.

For diffusion-limited reactions, the activation energy may be as low as 3 - 5 kJ/mol for the film
diffusion-controlled regime and 10 - 15 kJ/mol for the pore diffusion-controlled regime. In the
absence of other limiting factors, the reaction rate should be governed by an intrinsic regime — a

truly chemical step — when the activation energy exceeds 25 kJ/mol [108].
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2.4 Thermodynamics

The thermodynamics of a reaction is related to the spontaneity of reaction as well as selectivity of
products, based on reaction conditions and equilibrium constants. While a catalyst can change the
kinetics of the reaction, a catalyst does not change its thermodynamics. Therefore, in any kinetic
study, it is also important to pay attention to the thermodynamic limitation and its predictions for

the reaction of interest.

The equilibrium constant is related to the chemical potential of the reactants and products in terms
of a property defined as ‘fugacity’ [109]. When the fugacities of components in a mixture do not
show a significant dependence with pressure, however, and when the system can be considered an
ideal solution, the expression for the equilibrium constant can be simplified in terms of
composition [109], as given by Equation 8,

GGy
" CaCs 8

K.

where K, is the equilibrium constant for a reaction at a given temperature; and Cy4, Cg, Cc and Cp

are the concentrations (mol/mL) of carboxylic acid, alcohol, ester, and water, respectively.

As areversible reaction, the rate to reach equilibrium may be affected by the presence of products,
which shifts the reaction progress towards the reverse reaction. Therefore, the use of excess alcohol
during the reaction progress favors the forward reaction increasing the equilibrium conversion
[10], [31]. Moreover, the use of molecular sieves or silica gel to remove (by adsorption) the water

formed also promotes the forward reaction [110].

The equilibrium constant is also related to the Gibbs free energy of reaction (AG?) under the
standard state condition — which considers pure components at 1.0 M concentration — and can be
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calculated by Equation 9. The Gibbs free energy determines the extent of reaction, is a function of

temperature and does not depend on pressure or reagents concentration [111].

—AGﬁ)

K, = exp( RT

where AG/ is the reaction Gibbs free energy (J/mol); R is the universal gas constant (J/mol-K);

and T is the temperature of reaction (K). The Gibbs free energy of reaction can also be calculated
through Equation 10. Knowing the Gibbs free energy of formation of all the species involved in
the reaction, those values are scaled by the stoichiometric coefficients [109]. The values for the

Gibbs free energies of formation are generally available at the standard condition of 25 °C.

a6 = ) vi(469), 10

where AG¢ is the Gibbs free energy of formation (J/mol); and v; is the generalized stoichiometric

coefficient.

The enthalpy of reaction is related to the amount of energy absorbed or released during chemical
reactions due to the rearrangement of bonds within the molecules [109]. It is an important

parameter that accounts for the influence of temperature on the reaction progress.

Similar to the Gibbs free energy of reaction, the standard enthalpy of reaction can be determined

using enthalpies of formation, Equation 11,

AH? = Z vi(AHP), 11
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where AHy is the standard enthalpy of reaction (J/mol); and AHf is the standard enthalpy of

formation (J/mol). The values of enthalpies of formation are generally available at the standard

condition of 25 °C.

2.5 Knowledge Gaps
Considering the available literature, acid-modified petcoke-derived catalysts have the potential for
the catalysis of esterification reactions. Therefore, the main knowledge gap identified was the

application of this new solid acid material for esterification.

Xiao & Hill (2020) have already found good conversion results for an esterification reaction
catalyzed by functionalized petcoke-derived materials [21]. This thesis focuses on confirming their
hypothesis. For that, in Chapter Four, the method setup — reactor and quantification analysis — was
established by evaluating several parameters and conditions, and the limitations of the Kinetic

study were determined.

In Chapter Five, a kinetic study evaluated the performance of different functionalized petcoke
samples for a model esterification reaction in comparison to a standard catalyst. The analysis was

based on investigating the required parameters in terms of activity, selectivity, and stability.

20



Chapter Three: EXPERIMENTAL METHODS
This chapter describes the experimental setup and conditions for the catalytic tests; the techniques
used for the analysis of reaction progress and measurement of catalyst acidity; the methods for
evaluation of activity and stability of catalysts; and the determination of kinetic parameters, such
as rate constant, initial reaction rate, and activation energy. The catalysts consisted of a set of
functionalized petcoke-derived materials and standard available catalysts for comparison.

Additionally, sources of experimental error are discussed.

3.1 Materials

Solid acid catalysts derived from petcoke were prepared by other members of the Laboratory for
Environmental Catalytic Applications (LECA) group — Qing Huang, Ye Xiao, and Robert Pryde
— by using delayed petcoke from an oil sands company (Suncor Energy Inc., Alberta, Canada).
Most samples were treated with concentrated sulfuric acid or nitric acid to develop sulfonic group
acidity on the petcoke surface without previous chemical activation [21], [112]; meanwhile, one
sample was functionalized with 12-tungstophosphoric acid. Those materials were then used for the
catalysis of esterification reactions. The standard catalysts used for comparison were sulfuric acid

(H2S04, 98%, EM Science) and Amberlyst-15 ion exchange resin (Styrene-DVB, Alfa Aesar).

The experimental tests reported in Chapters 4 and 5 were based on the model reaction between
octanoic acid (CsH1602, 98+%, Alfa Aesar) and methanol (CH4O, > 99.8%, Sigma-Aldrich), using
dodecane (Ci12H26, > 99%, Sigma-Aldrich) as the internal standard for analysis. Methyl octanoate

(CoH1802, > 99.0%, TCI America) is the reaction product. A calibration curve for the gas

chromatograph (GC) was developed to quantify the amount of ester produced.

More details on the materials and experimental procedures are given in Sections 4.2 and 5.2.
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3.2 Activity Measurement
Petcoke-derived catalysts were compared to commercially (homo- and heterogeneous) available
catalysts. A batch reactor was employed for the tests due to its simplicity for liquid reactants with

solid catalysts [107].

3.2.1 Reactor Setup

The reactor consisted of a two-neck round bottom flask with a capacity of 100 mL placed in a
water bath. The water bath consisted of a 2 L beaker with a diameter of 13 cm and a height of
19 cm. A stirring hotplate (Corning® PC-420D) and an egg-shaped stir bar of 25.4 x 12.7 mm
were used to agitate and heat the reaction mixture. A schematic of the reactor setup is presented in

Figure 3-1.

The flask center top joint was connected to a reflux condenser (Graham type, with 24/40 joint,
500 mm jacket length, borosilicate glass coil); meanwhile, the other top joint was connected to an
adapter, serving as a sampling port. The adapter had a thread at the top to accept a cap with a hole

and a PTFE-faced septum, enabling the insertion of a needle to withdraw samples.

Octanoic acid, dodecane (internal standard), and catalyst were placed into the flask after weighing
on the analytical balance AB304-S model (Mettler Toledo, Columbus, OH, USA). Methanol was
placed lastly through the sampling port to start the reaction. A typical reaction used 5 mL of
octanoic acid, 1 mL of dodecane, ~ 0.1 - 0.2 g of catalyst (2 - 4.5 wt%), and 25 mL of methanol.
The septum was replaced for each reaction, and the needle was 7” length (180 mm) and gauge 18
(nominal O.D. 1.2 mm). Samples of less than 0.5 mL were withdrawn periodically (typically every
15 min) from the reaction media. The overall amount of liquid removed decreased the reaction

volume by less than 15% of the initial volume. After sampling, the mixture was filtrated using
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membrane filters EZFlow® (Foxx Life Sciences) of 0.45 or 0.22 um of pore sizes. Depending on
the particle size of the catalyst, a prefiltration was required (0.45 um pore size), followed by
filtration for fine particle removal using 0.22 um. The samples were placed in 2 mL vials until the

analysis could be completed.

water ouf 4—

—reflux condenser

—sampling

reaction mixture

water bath

Figure 3-1. Schematic of the reactor setup.

3.2.2 Reaction Progress Quantification

The reaction progress was analyzed by GC with a flame ionization detector (GC-FID). Gas
chromatography is a technique for the identification and quantification of organic compounds in a
mixture. The gas chromatography principle is based on the vaporization of a mixture and the time

separation of its components as they absorb on and elute from a column [113].

A gas chromatograph contains five primary components: carrier gas, inlet, column, detector, and
computer chemstation, as illustrated in Figure 3-2. The carrier gas from a pressurized cylinder —
typically helium, hydrogen, nitrogen, or argon — carries the sample through the column. Liquid

samples are normally injecting into the inlet, a heated injection port, by using microliter syringes.
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A sample must be volatile without thermal breakdown at temperatures below 400 °C to go through
the column by the carrier gas flow (mobile phase). The column, which can be a capillary or packed
type, is coated by a stationary phase — liquid or porous solid support. The separation into individual
components of the sample mixture happens based on the ability of components to partition between
the mobile and stationary phase. In other words, analytes are separated by various physical or
chemical mechanisms, but mostly according to solubility and boiling point. An oven controls the

column temperature [113].

Pressure regulator

Injection port

Computer Detector Gas chromatograph
controller and

data acquisition
Transfer line

Figure 3-2. The main components of a gas chromatograph. Reprinted from Fire Debris Analysis,
1. ed, E. Stauffer, J. A. Dolan, R. Newman, ch. 8 - Gas Chromatography and Gas
Chromatography-Mass Spectrometry. [114]. Copyright (2008), with permission from Elsevier.

After the sample separation, the compounds elute from the column into a detector that responds to
the physical or chemical properties of each component and converts this response into an electrical
signal in the detector. A computer chemstation — or integrator — processes those signals from the
GC, giving the information as a chromatogram. Finally, the computer system measures the amount
of each component based on their peak sizes and identifies those components based on their

retention times [113].
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Calibration curves with internal standards were previously made for analysis of reaction samples.
The analysis consisted of injection of 0.1 pl of each solution (sample without catalyst) into the GC
6890N (Agilent Technologies, Santa Clara, CA, USA) equipped with a capillary column. The
temperature program (oven) varied accordingly to the internal standard (toluene,
dibenzothiophene, or dodecane) and capillary column employed (HP-5 or DB FATWAX Ul), as
well as the carrier gas (nitrogen or helium — purity of both equal to 99.999%) and inlet split ratio
(25:1 or 50:1). Note, several internal standards were tried initially (as described in Section 4.3.4)
before using dodecane exclusively. The compounds identified by the FID included the reagents
octanoic acid and methanol, the internal standard, and the product methyl octanoate — normally
referred to as ‘ester’ in this study. Water is not analyzed by this kind of detector, as it does not
burn. The amount of remaining octanoic acid in solution, however, was not well determined due

to incompatibility or uncertainty of those columns for the analysis of this specific compound.

Calibration curves for octanoic acid and methyl octanoate (ester) were made for the determination
of their quantities by GC analysis. 10 mL samples of known composition were prepared in
volumetric flasks in the range of concentration expected for the reaction. The system compounds
were weighed with a known fixed amount of internal standard, proportional to the reaction system.
During experiments, the response factor (ratio ‘analyte’/’internal standard’) was then converted

into analyte (acid or ester) mass using the corresponding calibration curve, Equation 12,

Mg

oC 12

mi=Rf><

where Ry is the response factor given by A; /A, where A; and A, are the peak areas of analyte
and internal standard, respectively; m; and mg, are their corresponding masses in solution (g); and

CC is the value of the calibration curve.
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3.2.3 Ester Yield

The reaction progress was analyzed in terms of octanoic acid conversion (limiting reagent) and/or
ester yield, as these quantities are related and given in percentage. The ester yield expresses the
amount of the product obtained according to the amount of reactant converted and its selectivity

for the reaction. In other words, the ester yield (Y) is given by Equation 13:
Y=xXS§ 13

where x is the conversion of octanoic acid; and S is the selectivity for esterification. Considering
a selectivity of 100%, the ester yield can also be calculated by comparing the mass of ester in
solution with the theoretical maximum mass that could be formed if all octanoic acid presented in
the reaction mixture converts to ester, Equation 14.

m
E  %100%

Y =
ME max 14

where my is the mass of ester in solution measured by GC analysis (g); and mg 4, IS the

theoretical maximum mass of ester in solution (g), assuming total conversion of octanoic acid.

3.2.4 Test of Conditions

In general, esterification studies reported in the literature use a variety of conditions to evaluate
the performance of a catalyst: stirring speed, catalyst loading, alcohol-to-acid (molar) ratio,
temperature, and time of reaction. Tests of conditions are important to evaluate if the experiments
are in the kinetic region or are transfer limited. In this regard, a calculation of transfer limitation

proposed by the literature is presented in Appendix A.
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The influence of those parameters on the reaction rate, except time, was evaluated mainly using
Amberlyst-15, because of its large concentration of acid sites compared to the petcoke-derived
catalysts. Thus, it is more likely to present issues regarding transfer limitations. The influence of
time was not investigated, because the kinetic study was focused only on the beginning of the
reaction (details in Section 3.4). For the catalyst loading and temperature, a petcoke sample was
tested as well, as the behavior might be different from the Amberlyst-15 at those conditions.

Appropriate conditions were selected for the subsequent experiments as described in Section 4.3.5.

3.2.5 Acidity Measurement by Titration

The catalysts selected for tests were previously characterized by the ion-exchange titration method
to determine acidic site concentration on the catalyst surface [18,19]. The strong acid concentration
(exchanged H*) of petcoke-derived catalysts was measured by titration of a diluted sample of
0.1 g of solid to 5 mL of 0.1 M sodium chloride solution (NaCl, > 99.0%, EMD Chemicals). For
Amberlyst-15, 10 mL of 2.0 M sodium chloride solution was used for the ion exchange procedure
(detailed explanation in Appendix B). After shaking in an oscillator VWR Symphony 5000l
Shaker (Henry Troemner LLC, Thorofare, NJ, USA) at 25 °C and 250 rpm for 24 h, the solids
were removed by filtration and the liquid was titrated with 0.005 M sodium hydroxide solution
(NaOH, = 97%, Sigma-Aldrich), using phenolphthalein as indicator. The strong acidity was

guantified according to Equation 15:

% X C
[H+] _ /NaoH NaOH 15
mc,eq

where [H*] is the strong acidity of the catalyst (mmol/g), mostly related to the sulfonic group

(-SOsH) concentration in this study; Vyqon 1S the volume of sodium hydroxide solution (titer)
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(mL); Cyqon is the molarity of titer (mmol/mL); and m_ ., is the equivalent mass of catalyst for

titration (Q).

The total acidity was determined by a similar procedure of titration. A sample of 0.1 g was added
to 5 mL of 0.1 M NaOH solution, shaken at 25 °C and 250 rpm for 24 h, removed the solids by
filtration, and titrated with 0.01 M hydrochloric acid (HCI, 37%, Sigma-Aldrich). Triplicate

analyses were performed to determine the uncertainty of the titration method.

3.2.6 Acidity Measurement by XPS

Titration is not always capable of distinguishing between strong and weak acid sites for carbon-
based materials. A technique based on elemental analysis, however, is more reliable for
determining the acid density [115]. Thus, the surface elemental composition of some samples of
petcoke functionalized with nitric acid was analyzed by the X-ray photoelectron spectroscopy
(XPS) technique, carried out by a third-party laboratory at the University of Alberta in Edmonton
(Nanofabrication and Characterization Facility — nanoFAB). The surface chemistry composition
was calculated using CasaXPS (Version 2.3.22PR1.0, Casa Software Ltd, Teignmouth, UK). From
the spectra, the S2p peak area assigned to oxidized S (C-SOx, X = 2, 3, 4, and -SOsH) was
deconvoluted into 2-3 peaks of sulfur species [112]. The peak at 168 eV was attributed to -SO3zH

species [72], quantified and reported as strong acidity based on the content of sulfonic groups.

3.2.7 Turnover Frequency Calculation

The Turnover Frequency (TOF) provides a more direct comparison of catalysts than specific

reaction rates, thus being a useful parameter to quantify the catalytic activity [116]. TOF value is
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expressed by the number of molecules reacting per active site per unit of time at the conditions of

the experiment [11]. TOF is given by Equation 16,
TOF = ———— 16
m, X

where k is the pseudo-first-order rate constant (min); C,, is the initial concentration of octanoic
acid (mmol/mL); V is the volume of the reaction solution (mL); m,. is the mass of catalyst added
(g) into the reactor; and [H™] is the number of active sites assumed as the strong acidity of the

catalyst (mmol/g).

Another way of calculating the turnover frequency is in terms of a specific product yield per unit

of time and catalytic site [53], [116]. In this case, Equation 17 is applied.

TOF = Ne 17
Com X [HY] xt

where Ny is the amount of ester produced (mmol); t is the time in a batch reactor (min). Equation
17 is useful to report the catalyst performance when the reaction rate is difficult to measure (not

uniform within the catalyst pellets or the catalytic reactor) [13].

In any equation, all sites are assumed to be active for reaction. Thus the method used in counting
sites must be reliable and provide all information about the nature of active sites [116]. The
application of the TOF concept is only valid when the number of catalytic sites can be precisely

defined [13][116].

In this study, the strong acidity of petcoke-derived catalysts was assumed as the concentration of

the sulfonic groups, given by titration or XPS analysis. That is a reasonable assumption because
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only the acid site density based on S content has sufficient acidity to promote the esterification
reaction [20], [74]-[76]. The exception was the petcoke sample functionalized with
12-tungstophosphoric acid (TPA). In this case, the strong acidity corresponded to the TPA
functional group concentration. Also, when H,SO4 was used as the catalyst, two protons (H*) per

molecule of sulfuric acid were considered to determine the number of strong acid sites.

3.3 Stability Test

An advantage of using a heterogeneous catalyst is the reusability, since solids are easy to recover
from the reaction system. It is required for the material to be mechanical and chemically stable in
terms of resistance to abrasion and crushing and chemical inertness towards the reaction solution

[13].

The petcoke-derived catalysts are powders. Thus, they were not tested mechanically. Meanwhile,
the chemical stability was tested with a leaching experiment to verify the stability of functional
groups on the catalyst surface. The test consisted of placing 0.1 g of catalyst in 25 mL methanol at
60 °C (typical reaction temperature) for 90 min. After this time, the solid was recovered by
filtration. The recovered methanol was placed into the reactor with 5 mL of octanoic acid (and
1 mL of internal standard) at 60 °C for 90 min, without any addition of catalyst. Samples of
< 0.3 mL were periodically withdrawn from the reactor (every 15 min), and the sample

composition was analyzed by GC-FID.
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3.4 Kinetic Parameters Determination

3.4.1 Rate Constant

Only the model of pseudo-homogenous reaction was taken into consideration, while the
investigation of the reaction mechanism on the catalyst surface is beyond the scope of this study.
The reactions were tested at conditions to assure the surface rate was the limiting step of the

reaction, avoiding some transfer limitations observed at specific conditions (Section 4.3.5).

The first-order reaction is a valid assumption, as long as the alcohol concentration can be
considered unchanged throughout the process. Moreover, the forward rate constant (k1) is much
larger than the backward rate constant (ko), especially at the beginning of the reaction [117].
Therefore, the initial reaction rate (—r4) depends only on the carboxylic acid concentration, and

Equation 3 can be applied instead of Equation 2.

The pseudo-homogeneous first-order model represented by Equation 3 can be converted to

Equation 20 by integrating the reagent concentration over time as follows,

dcC
—r, = _d_: = kC, 18
Ca dCA t
[ .
Cao CA 0
CA = CAoe_kt 20

where C4 and Cy, are the concentrations (mmol/mL) of octanoic acid at a time t (min) and time
zero, respectively; k is the pseudo-first-order rate constant (mint). The initial rate constant can be
determined by Equation 20, plotting the octanoic acid concentration versus the reaction time. The

fitted exponential curve gives the initial rate constant (k) as the negative exponent of base e. The

31



data were fit by the software OriginPro® with a non-linear least squares approach. The Levenberg

Marquardt algorithm was used to fit the two-parameter exponential function.

3.4.2 Reaction Rate

As a reversible reaction, the assumption of the first-order model is only valid at the beginning of
the reaction, in the range of 0 - 15% of the equilibrium conversion [76], [118], [119]. As the
product concentration increases, the reaction rate decreases until equilibrium. The reaction rate
can be determined from the mass balance of the batch reactor. In the mass balance, the generation

equals the accumulation, and the reaction solution is considered perfectly mixed, Equation 21.

dN
—TAV = _d_tA 21

where —r;, is the initial reaction rate (mol/mL-min); V is the reaction volume (mL); Ny is the
number of moles (mol) of octanoic acid at a time t (min). The number of moles of octanoic acid in
solution at a specific time is related to its conversion by Equation 22. After substitution, Equation

23 is obtained.

NA =NA0(1_X) 22
Ny dx

=407 23
AT

where N, is the initial number of moles of octanoic acid (mol); and x is the (octanoic) acid
conversion. Therefore, the plot of acid conversion (x < 10%) versus reaction time will be linear

and can be used to determine the initial reaction rate.
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3.4.3 Activation Energy

The activation energy was determined by using a petcoke-derived catalyst to evaluate the
effectiveness of this material in catalyzing the esterification. In addition, the activation energy
using Amberlyst-15, a commercial catalyst, was also determined for comparison. The Arrhenius
equation (7), in the linearized form (Equation 24), shows the temperature effect on the catalytic
activity according to Figure 2-3.

Ea
= - — 24
Ink=InA RT

where k is the pseudo-first-order rate constant (min™); A is the pre-exponential factor (min); E,
is the activation energy (J/mol); R is the universal gas constant (8.314 J/mol-K); and T is the

temperature of reaction (K).

The catalysts were tested in the range of 40 - 80 °C. For each temperature, data were fitted by
Equation 20 to obtain the pseudo-first-order rate constants below 10% conversion. The software
OriginPro® was used for fitting the data to obtain the values of the activation energy and the pre-
exponential factor. Both fits — linear and exponential — were tested and discussed in Section 5.3.3.
A linear least squares approach was used for Equation 24, while a non-linear approach was used
for Equation 7, using the Levenberg Marquardt algorithm to fit the two-parameter exponential

function.

3.5 Sources of Error
Errors are classified into two main categories: systematic and random errors. Systematic errors
result from a problem present throughout the whole experiment or analysis, e.g., wrong equipment

calibration. Systematic errors are consistent errors that deviate the correct value in one direction
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(high or low measurements), affecting accuracy [101], and can be corrected. On the other hand,
random errors have no pattern. Random errors are fluctuations of measurement always present due
to the equipment precision. Random errors deviate in both directions influencing the precision of

a measurement [120], and can be diminished by repeated measurements.

Regarding the quantification of compounds present in the reaction media, the GC method is subject
to some sources of errors. Sample losses are caused by systematic errors, such as incomplete
sample manipulation and variations in the analytical procedure [121]. Sample losses always might
occur during manipulation and transfer steps, which may affect the measured concentration.
Thereby, careful sample preparation is necessary to minimize this kind of error. The

incompatibility of the capillary columns concerning the octanoic acid is another source of error.

Also related to the product quantification, there are some errors associated with the sample
collection. The time of withdrawing a sample from the reactor may vary by 0 - 30 s. This procedure

was done manually, which may also introduce some error (up to + 3.6%).

Random errors can be inconsistencies when analyzing a sample due to the precision of the GC
method and injections. This error was minimized by using an internal standard during the reaction.
Hence, the error is similar for the analyte and the internal standard, keeping the ratio of signals
nearly constant. Autosamplers, however, can reduce the injection errors by 1 - 2% of relative
standard deviation [121]. Without autosamplers, the injections are normally large sources of errors
due to the possible evaporation of compounds from the needle of the microsyringe during insertion
into the hot inlet. The injected samples had a volume of 0.1 pl, while the microsyringe used had

an uncertainty of 0.01 pl.
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The sample standard deviation (s) for triplicate analyses carried out by GC is given by Equation

25 [122].

n—1

s = \/—?ﬂ(xi — X 25

where X; is the sample value; X is the mean value; and n is the number of analyses. As the
proportion of compounds in the mixture is kept the same with more or less volume inside the
syringe, the results of GC analysis — given in terms of a ratio of integrated areas, Ry — were not
affected by the injection uncertainty. More details about errors of GC analysis are discussed in

Section 4.3.4.

The analytical procedure of reaction preparation includes some errors, which might be both
systematic and random errors. Therefore, during the weighing of compounds on the analytical
balance and manipulation of related elements, i.e., chemicals and laboratory tools, attention was
taken to avoid systematic errors and reduce random ones. The analytical balance used in the
experiments was an AB304-S model (Mettler Toledo, Columbus, OH, USA), with a maximum
capacity of 320 g and uncertainty of 0.0001 g. The catalyst samples were normally an amount of
0.1 g, with a weighing uncertainty around 0.1%. For the other compounds, this error was smaller,

as larger amounts were weighed — around 4.5 g of octanoic acid and 0.7 g of internal standard.

The water bath temperature was controlled by a stirring hotplate coupled to a thermocouple, with
an uncertainty of 1 °C. The common experimental temperature was 60 °C, and so the uncertainty
is approximately 1.7%. Fluctuations in the temperature setpoint, however, were rarely observed
during the experiments, being assessed by an external thermometer — Cole Parmer Digi-sense Type

K Thermocouple.
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The titration method also has some errors. For the uncertainty of titration, the standard deviation
of triplicate analysis was considered. The NaOH solution was standardized with potassium
hydrogen phthalate (KHP, > 99.95%, Sigma-Aldrich), a primary standard for acid-base titration.
The burette used for titration was 10 mL of capacity, with an uncertainty of 0.05 mL. Even using
a low concentration of NaOH solution, some petcoke samples only consumed 0.50 mL of volume,
given errors as high as 10%. Other errors associated with this technique are the error in the volume
of the 5 mL pipette used for adding the solution of NaCl to 0.1 g of catalyst before shaking for ion
exchange; and the error in the volume of the 1 mL micropipette used for obtaining a sample for

titration; while the evaporation of solution was considered minimal (well-sealed vial).
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Chapter Four: METHOD SETUP AND LIMITATIONS OF KINETIC STUDY OF
ESTERIFICATION REACTION

4.1 Introduction

Before starting the kinetic study for analysis of the performance of petcoke-derived catalysts in
comparison to standard materials, it is important to have a robust method. This method should
have a minimal experimental error on the reaction setup, data collection and analysis, and measure
the intrinsic reaction rate to assess the catalytic activity appropriately. Therefore, the assessment
of method limitations presented here is intended to provide a solid basis for the determination of

kinetic parameters and required properties of catalysts in the next chapter.

The following section details the materials and techniques used for the assessment of the method
for catalytic tests. Section 4.3 presents some preliminary experiments, the evaluation of reactor
setup and quantification analysis in terms of uncertainty, tests of conditions to avoid mass and heat
transfer limitations, and analysis of equilibrium conversion. Section 4.4 summarizes the relevant

discussion and conclusions of this chapter.

4.2 Materials & Methods
Preliminary experiments were carried out with a simplified reactor setup, which was later

substituted by another more robust and reliable setup.

Chemicals used in this study were: octanoic acid (CsH1602, 98+%) and Amberlyst-15 (H) ion
exchange resin (Styrene-DVB) from Alfa Aesar; methanol (CH4O, > 99.8%), toluene (C7Hs, >
99,9%), dodecane (C12H26, > 99%), naphthalene (CioHs, 99+%), and dibenzothiophene (C12HsS,
98%) from Sigma-Aldrich; sulfuric acid (H2SO4, 98%) and anthracene (C14aH10, 96+%) from EM

Science; and methyl octanoate (CoH1802, > 99.0%) from TCIl America.
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Compositional analysis was performed using a gas chromatograph with a flame ionization detector
(GC-FID) (6890N, Agilent Technologies, Santa Clara, CA, USA), equipped with capillary
columns HP-5 (5% phenyl-methylpolysiloxane, 30 m x 320 um x 0.25 um; Agilent Technologies,
Santa Clara, CA, USA) and DB-FATWAX Ul (polyethylene glycol-type, 30 m x 0.25 mm x
0.25 um; Agilent Technologies, Santa Clara, CA, USA). Using the HP-5 column, the temperature
program consisted of 50 °C held for 2 min, a ramp of 30 °C/min up to 220 °C, for analysis with
toluene; or 50 °C held for 0.25 min, a ramp of 40 °C/min up to 220 °C, held for 5.5 min at the final
temperature, for analysis with dibenzothiophene (DBT). Nitrogen was used as the carrier gas;
injection using split mode (ratio 25:1). The temperatures of the inlet and detector were set at
260 °C and 270 °C, respectively. Using the DB-FATWAX Ul column, the temperature program
of the GC consisted of 0.5 min at 50 °C, a ramp of 40 °C/min to 200 °C, and 2 min at the final
temperature. Helium was used as the carrier gas, and the injection used the split mode (ratio 50:1).
The temperatures of the inlet and detector were set at 250 and 300 °C, respectively. The detector

mode used was constant makeup flow.

The catalysts used in the preliminary set of experiments were provided by members of the LECA
group from the University of Calgary. The first set of catalysts included PC-S (sulfonated petcoke
[21]) produced by Ye Xiao, and H2SOs, a standard liquid catalyst. The catalysts included in the
second set of experiments were: P-S-24, P-N/S-24, P-N-24, produced by Qing Huang [112]. In
these catalyst names, P refers to the petcoke starting material, S refers to treatment with sulfuric
acid, and N refers to treatment with nitric acid. The P-N/S-24 sample was treated with a mixture
of both acids, and all catalysts were treated with the acid(s) at 120 °C for 24 h. The properties are

given in Table 4-1.
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The new reactor setup and reaction conditions were tested using Amberlyst-15, a commercial
sulfonated cation-exchangeable material. P-S-3 and P-N-3, petcoke-derived catalysts produced by
Qing Huang using treatment with sulfuric acid and nitric acid at 120 °C for 3 h, were also included

in the test of temperatures and catalyst loadings, respectively.

Table 4-1. Properties of catalysts used for the preliminary reactor tests.

Strong acidity Total acidity

Catalyst (mmolig) - (mmolig) 2 Physical properties Reference
. o [21]
PC-S 1.25 2.82 Particle size: 45 - 90 um Ye Xiao
H2SO4 20.4 20.4 -- Calculated
Pore size: 0.4 - 0.8 nm [112]
P-S-24 0.25 1.49 Surface area: :
Qing H.

4.6 m?/g3-174 m2/g*
Pore size: 0.4 - 0.6 nm

P-N/S-24 0.73 5.46 Surface area: [Q1i1n2] Y
2.3 m2lg? - 125 me/g 4 g
Pore size: 0.4-0.6 nm [112]
P-N-24 0.70 5.25 Surface area: Qing H
4.1 m2/g® - 151 me/g * gr.
Amberlyst-15  4.70 4.70 Particle size: >500 ym  xperimental/
manufacturer
P-S-3 0.25 1.05 Particle size: < 63 um Qing H.
Particle size: <50 um
P-N-3 0.35 4.67 Surface area: Qing H.

3.2mz2/g3-217 m2/g 4

1 [-SOsH] determined by titration with NaCl; ? determined by titration with NaOH; * by N
adsorption; 4 by CO, adsorption.

4.3 Results & Discussion

4.3.1 Simplified Reactor Setup

The methodology used by Xiao & Hill (2020) [21] was employed as the initial setup for this study.

The reaction took place in an Erlenmeyer flask, with a capacity of 125 mL, housed in a water bath,
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which was a beaker of 1 L. A stirring hotplate (Corning® PC-240D) and Graham condenser (with
24/40 joint, 500 mm jacket length, borosilicate glass coil) were used for heating and reflux. A
distillation adapter with a sampling port was used for catalyst insertion and sample withdrawal
using a tube and syringe. The reagents were added into the flask: 5 mL of octanoic acid, 50 mL of
methanol, and 5 mL of toluene — the latter was used as the internal standard for the subsequent
analyses. The octanoic acid was weighed before the mixture with the other compounds on the
analytical balance AB304-S model (Mettler Toledo, Columbus, OH, USA). In a typical
experiment, the reaction mixture was heated up to 60 °C and stirred at a speed of 500 rpm. The
catalyst was placed into the reaction media only after the temperature stabilized (approximately

15 min after reaching 60 °C); then, the reaction time was started.

Samples of approximately 1 mL of the suspension were withdrawn periodically by a tube
connected to a plastic syringe through the sampling port (the sampling decreased the volume by
less than 15% of the initial reaction volume). The samples were filtrated using membrane filters
of 0.45 and 0.22 um (pore size), EZFlow® (Foxx Life Sciences), to remove the solid catalyst and
prevent further reaction. After filtration, samples were placed inside vials of 20 mL while waiting

for GC analysis for composition determination.

4.3.2 Preliminary Experiments

The experimental conditions used for the two preliminary tests with the simplified reactor setup
are summarized in Table 4-2. These preliminary tests were carried out as a first evaluation of the

effectiveness of functionalized petcoke for catalyzing esterification reactions.
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Table 4-2. Experimental conditions used for the preliminary tests with the simplified reactor setup.

1%t set of experiments

2nd set of experiments

Catalysts
Temperature

Stirring speed

Catalyst loading

Time

Methanol-to-acid ratio

H2S04, PC-S P-S-24, P-N-24, P-N/S-24
60 °C 60 °C
500 rpm 500 rpm
2 Wt% (H2S0.), 4.5 wt% (PC-S) 10 Wt%
2 h (H2S04), 3 h (PC-S) 4h
40:1 20:1

The first preliminary set of reactions tested H.SO4 and PC-S over 2 - 3 h of reaction. The results

were obtained in terms of acid conversion and ester yield (by GC analysis with capillary column

HP-5), as shown in Figure 4-1.

Fractional conversion or yield (%)

100

80

60

40 4

204

HpSO4 (ester yield)

° ® H,>S0y4 (acid conversion)

PC-S (ester yield)

*
PC-S (acid conversion)

T
90 120
Time (min)

T T 1
150 180 210

Figure 4-1. Results using the simplified reactor with catalysts PC-S and H.SOa. The reaction
conditions were 60 °C, 500 rpm, methanol-to-acid ratio equal to 40:1, and catalyst loading of
4.5 wt% (octanoic acid) for PC-S and 2 wt% for H2SOa.

Almost complete conversion was achieved after only 1 h of reaction catalyzed by H2SOs, while

with catalyst PC-S, 60% conversion was achieved after 3 h of reaction.
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The selectivity of reaction was assumed to be 100% towards the ester product, as no other peaks
were observed by GC analysis besides the reagents, internal standard, and ester. If other products
resulted from the reaction, however, they might have remained adsorbed on the catalyst surface or
as traces in solution, not being detected by GC-FID as the water product. Most studies in the
literature [29], [31], [79], [88] only report ester and water as products of this reaction over a wide

range of catalysts.

The carbon balance, however, did not equate in those reactions, highlighting some experimental
issues. To compare at the same baseline, the results were given in percentage and not in mass of
compounds. As can be seen, the amount of ester produced was higher than the corresponding
amount of acid converted. Furthermore, the ester was overestimated (> 100%) at the end of the
reaction with H.SO4. This overestimation might be related to sample losses (especially methanol
and toluene evaporation), which will be explained later in Section 4.3.4. This error affects more
high concentration values in GC analysis, which is the case of ester when reaching the equilibrium

level. The GC analysis error was estimated as high as 8.9% (standard deviation) for these reactions.

The TOF values were found through both Equations 16 and 17, based on the reaction rate constant
or the product amount, for this first set of experiments. In order to obtain the rate constant
necessary for Equation 16, the reaction data were fitted into a pseudo-homogeneous first-order
model, dependent only on acid concentration, according to Equation 20 (Figure 4-2). The model
fit the data obtained with both catalysts, although there were minimal data (i.e., only three points)

for the reaction with HoSOg as it is a much more active catalyst.
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Figure 4-2. Pseudo-homogeneous first-order model fit to the esterification data shown in Figure
4-1 for catalysts PC-S and H2SOa.

Applying the corresponding rate constants (k) to Equation 16, the TOF values found were 92 h!
and 40 h™ for the H,SO4 and PC-S, respectively. Using the same methodology [21], however, the
previously reported values were 87 h't and 48 h, for H,SO. and PC-S, respectively, which

indicates reproducibility issues with the simplified setup.

Using Equation 17, in which the TOF is based on the product produced rather than the reactant
consumed (Equation 16), over the same time periods used above (i.e., 20 min for H2SO4 and
60 min for PC-S), the TOF values were 47 h™* and 45 h, respectively. The values for the PC-S
catalyst using either Equation 16 or 17 are within experimental error. The different values with
H>SO04 may be because the reaction rate had a non-linear behavior, being not well represented by
the pseudo-first-order model. Different methodologies for calculating the TOF are likely
responsible for the variety of values reported in the literature. In addition, data is not always

obtained below 10% of the equilibrium conversion, above which the presence of products (~ 80%
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ester yield, in this case) affects the net reaction rate, invalidating the assumption of the pseudo-

first-order model.

Another set of materials was tested, specifically, petcoke samples functionalized with sulfuric acid,
nitric acid, or a mixture of both. In this case, the conditions differed slightly from before: catalyst
loading of 10 wt% (octanoic acid), methanol-to-acid ratio equal to 20:1, and 4 h reaction. The
purpose of increasing the amount of catalyst was to accelerate the conversion by providing a
comparable number of acid sites in the reactor — these catalysts had fewer acid sites per catalyst

mass. The ester yields and acid conversions are shown in Figure 4-3.
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Figure 4-3. Results using the simplified reactor with catalysts P-S-24, P-N/S-24 and P-N-24;
a) ester yield, b) acid conversion. The reaction conditions were 60 °C, 500 rpm, methanol-to-acid
ratio equal to 20:1, and catalyst loading of 10 wt% (octanoic acid).

The ester yield was lower than with the previous catalysts (H.SO4 and PC-S) even after increasing
the catalyst loading and running the reactions for 4 h. The ester yield decreased in the order of
P-N/S-24 (44%) = P-S-24 > P-N-24 (27%). Functionalization with nitric acid was effective in
oxidizing the inherent sulfur in the petcoke and developing sulfonic groups [112], as P-N-24 was

approximately 68% as active as the sulfonated sample P-S-24.
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The results of acid conversion (Figure 4-3b) were inconsistent with the values expected by the
ester yield, which was surprising considering the relatively good agreement (Figure 4-1) for the
first set of materials tested. With the second set of materials, the reaction rate was lower and the
GC column may have been saturated by octanoic acid. The reproducibility of the GC analysis was

much worse for the acid conversion (error increased from 5% to up to 23%).

Thus, only Equation 17 was applied for the TOF calculation. The time used in the equation varied
from catalyst to catalyst since data at a maximum of 10% ester yield (initial TOF) were used. The
strong acidity values (from Table 4-1) were used for this calculation. The results are shown in

Table 4-3. For comparison, the TOF values were also calculated for the total reaction time (4 h).

Table 4-3. TOF values for petcoke-catalyzed reactions (preliminary set of experiments).

Experiment Initial TOF (ht) TOF of 4h (h?)
P-N/S-24 17 10
P-S-24 50 28
P-N-24 9 6

The initial TOF values pointed out that P-S-24 is the most active catalyst of this group and not
P-N/S-24, as observed in Figure 4-3. The TOF values of 4 h are only illustrative of the decrease
of reaction progress with time due to the large presence of product species. Hence, TOF
determination through Equation 17 only makes sense for the beginning of a reversible reaction, as
esterification reactions show an approximately linear behavior with time at conversions lower than

15% [123].

Besides that analysis, another parameter that requires special attention in the TOF calculation is

the strong acidity of the functionalized petcoke. For this set of materials, the value corresponded
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to the sulfonic group concentration and was determined using the ion-exchange titration method.
Those values, however, might be overestimated due to the presence of other acidic groups on the
samples treated with nitric acid only, which contributed to the exchanged H* [112]. Therefore,

those initial TOF values are still not reliable.

After analysis of the preliminary results, other sources of error were identified related to the
reaction system and data collection. Sample loss — due to evaporation during the reaction (not well-
sealed system), handling, filtration, and/or waiting time for analysis — was one of the main causes
of uncertainties. As a study involving liquid-vapor equilibrium, the mixture composition is very
sensitive to any source of disturbance. In addition, the GC analysis was less reproducible, which
will be discussed later in this chapter (Section 4.3.4). Therefore, a new reactor setup was proposed,

with improvements to solve those issues and obtain more reliable results.

4.3.3 New Reactor Setup

In the second setup, the major modifications were the reactor and sampling method. The new
reactor consisted of a two-neck round bottom flask with a capacity of 100 mL. This setup was used
for many conditions, including the different alcohol-to-acid ratios, adjusted accordingly to keep
the reaction volume constant. The total reaction volume filled less than half of the reactor capacity,

providing enough space for the vapor phase.

The flask center top joint was connected to a Graham condenser, the same as the previous setup;
meanwhile, the other top joint was connected to an adapter, which was the new sampling port.
Plastic clamps of size 24 were used to hold the glassware joints together. The adapter, 24/40 joint,
had a thread at the top to accept a cap with a hole and PTFE (polytetrafluoroethylene) faced

septum, enabling the needle insertion. The PTFE/silicon was chosen based on its compatibility
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with the reaction mixture, and resealing capability so that multiple samples could be withdrawn

by a syringe needle during an experiment. The septum was replaced after each experiment.

In a typical reaction, 5 mL of octanoic acid, 0.1 - 0.2 g of catalyst, and 1 mL of the internal standard
were weighed on the analytical balance AB304-S model (Mettler Toledo, Columbus, OH, USA)
and placed inside the flask before heating up. When the system reached the desired temperature,

25 mL of methanol was inserted through the sampling port, starting the reaction.

The sampling was done by inserting a needle through the septum connected to a plastic syringe of
10 mL. The needle was 7” in length (180 mm) and of Gauge 18 (nominal O.D. 1.2 mm). The 18
gauge is suitable for sampling with all catalysts employed, petcoke-derived and Amberlyst-15. In
the latter case, although the beads are large, no needle clogging was observed. During experiments,
samples < 0.5 mL were collected periodically from the reaction media, which decreased the
volume by less than 15% of the initial reaction volume. The sampling was done 7 - 8 times in each
experiment, keeping the needle connected to the septum to avoid multiple punctures and loss of
reaction compounds; meanwhile, the syringe was disconnected from the needle and immediately
replaced by another syringe to keep the sampling port closed. The system was well sealed by
applying silicone lubricant on the glass joints (Dow Corning® high vacuum grease), which also
reduced the loss of compounds. Evaporation from the system was believed to be minimal since the
reflux condenser was operated at room temperature. Thus, the methanol loss from the system at

this temperature was significantly reduced.

The heating method did not change — use of the stirring hotplate Corning® PC-240D and a 2 L
beaker as a water bath. For agitation, an egg-shaped stir bar of 19 x 9.5 mm was used inside the

flask. Figure 4-4 illustrates the final assembly of the new reactor setup.
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Figure 4-4. Assembly of new reactor setup used for testing catalysts in the esterification of
octanoic acid.

The samples were filtrated using the same membrane filters, EZFlow® (Foxx Life Sciences), with
pore sizes of 0.45 or 0.22 um. Depending on the catalyst particle size, however, a prefiltration was
done using a 0.45 pum pore size filter, followed by filtration for fine particles removal using a
0.22 um pore size filter. In other cases, only one filtration was required. After filtration, the solution
was placed into small vials of 2 mL to reduce the available headspace over the sample and avoid
significant methanol in the vapor phase. Vials were covered with parafilm M (PM-996, Bemis).
Samples for analysis were collected by puncturing the covering film (without opening the vials)
with the GC microsyringe. The samples were injected into the gas chromatograph (GC)

immediately.
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4.3.4 Internal Standard and GC Analysis

The capillary column used for GC analysis was an HP-5, a multi-purpose column for non or
slightly polar components. Although the column is not designed for a mixture involving an organic
acid, alcohol, and ester, the separation was possible, and some preliminary results were collected

by using it.

The fronting peaks of octanoic acid demonstrated its incompatibility for analysis with the HP-5
column. Fronting peaks are caused by either an incompatible stationary phase or column
overloading (more material onto the column that it can handle) [124]. To solve the first issue, it
would be necessary to choose a column with a stationary phase more compatible with the material
to be injected. If the second cause is the problem, it could be solved by choosing a column with a
thicker stationary phase or reducing the column loading by injecting less material onto the column.
The latter option would not be possible in this case since injections of 0.1 puL were already being

used. As verified later, another more adequate column was chosen for this analysis.

An internal standard was employed during — and not after — the reaction to account for sample
losses due to handling and transfer. The choice of an adequate internal standard improves the
precision and accuracy of results obtained by the GC method. The ratio ‘analyte’/‘internal
standard’ is kept almost constant from reactor sampling to analysis. The internal standard should

be properly chosen based on [125]:

e chemical similarity to the analyte in terms of functional groups, boiling points, and activity;
besides, it should never be naturally found in the sample;
e resolution from other peaks, as it should not co-elute with other peaks (overlapping), which

precludes the quantification of areas;
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e inertness to the reaction and stability, as it must be constant throughout the reaction.

Toluene was initially used as the internal standard. The peak areas were not constant, however,
suggesting some evaporation from the system and /or sample. The vapor pressure of toluene at
60 °C is 0.18 atm [126], which corresponds to the evaporation of 5 - 7% at the reaction temperature.
Considering boiling point and inertness, dodecane was a potential candidate for this purpose.
Compared to toluene, its vapor pressure at 60 °C is 80 times lower (0.0022 atm) [126]. The
chromatogram of GC analysis with the HP-5 column, however, showed co-elution of dodecane
with octanoic acid, preventing its use as an internal standard. Naphthalene also co-eluted with
octanoic acid, even testing several oven temperature programs. Anthracene has a higher boiling
point of 340 °C, and was expected to elute from the capillary column after all the other compounds.

The low solubility of anthracene in methanol, however, excluded its use.

The final internal standard tested was dibenzothiophene (DBT). DBT showed well-resolved peak
areas, has a high boiling point (332.5 °C) eluting separately at the end of the analysis, and was
inert to the reaction system when tested in a reaction catalyzed by H2SO4. The stability of DBT
was tested at 60 °C. Using dodecane as an internal standard for the DBT quantification, the ratios
‘DBT’/‘dodecane’ were analyzed over a 3 h test, with one sample collected per hour. The standard

deviation of GC analysis was as high as 15.1% for the same sample and 3.2% between samples.

Moreover, samples of known concentrations were prepared at approximate conversions, x, of 0,
50, and 90%. The purpose was the verification of the accuracy and precision of the GC analysis
(with the HP-5 column) when using DBT as an internal standard. The results are given in Table

4-4.
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Table 4-4. Test of GC analysis using known samples and DBT as internal standard.

Acid Ester
x (%) x (%) Error (%) x (%) Error (%)
00 2.23 2.3 0.15 --
50 49.3 0.4 46.4 7.5
90 89.9 2.9 83.3 94

The conversion values were calculated through the masses given by the DBT calibration curve.
The mean conversion () is the mean value obtained for sample analysis in triplicate. The error
was calculated as the difference between the weighed amount using an analytical balance and the
mean value obtained by GC. In other words, it is related to the random error of measurement by

GC. No ester was inserted in sample 0%; this way, no error was calculated for this analysis.

Despite the results obtained in Table 4-4, the analyses were more complicated when working with
a reaction system, as the samples were not completely stable while waiting for analysis. The
instability was due to the leaching of sulfonic species from the catalyst surface, which possibly
promoted the reaction inside the sample vials (more details in Section 5.3.2). In reactions catalyzed

by H2SOg, the catalyst could not be separated from the reaction mixture as well.

The reproducibility of the new setup was tested in a standard reaction using Amberlyst-15 (catalyst
loading of 4.5 wt%) and the following conditions: 60 °C, 600 rpm, 4 h, and methanol-to-acid ratio
equal to 40:1. The reaction was run three times, and the mass of the catalyst varied by no more
than 6.2%. This difference was due to the bead shape of Amberlyst-15, which complicates its

weighing. The results are shown in Figure 4-5.
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Figure 4-5. Results of reproducibility tests of the new reactor setup using Amberlyst-15; a) ester
yield, b) acid conversion. The reaction conditions were 60 °C, 600 rpm, 4 h, methanol-to-acid
ratio equal to 40:1, and catalyst loading of 4.5 wt% (octanoic acid).

The figures above demonstrated that the reproducibility is generally better for the ester
quantification at low conversions and for the acid quantification at higher conversions (longer
reaction times). This result was expected since the ester amount is minimal initially, and variations
in concentration due to sample losses affect the ester less. The opposite was expected as conversion

reaches the equilibrium level, and errors due to sample loss affect the ester values (high

concentration) more.

The standard deviation results for measuring the acid amount were as large as 170% at the
beginning of the reaction, with conversion values between [-1.9 — 6.4%] at 1 min of reaction
progress. The negative value means that more acid amount was measured by GC analysis than the
initial mass weighed on the analytical balance and inserted into the flask. At approximately 50%
conversion, the standard deviation for the acid amount was approximately 5%. Ester results were
not so spread at the beginning of the reaction as the acid, but the standard deviation was as large

as 20% at some points. These variations resulted in the ester yield not continuously increasing with
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time. For example, during the first reaction, the ester yield was 14.7% at 45 min and 13.6% at

60 min.

During the reaction progress, no known concentration is available for comparison with the GC
analysis. Therefore, analyses in triplicate were used to estimate the standard error associated with
the uncertainty of equipment. Doing a triplicate analysis for the same sample at around 20%
conversion, a standard deviation of 14% was found for the ester amount. This error was expected
to be lower, especially at the beginning of the reaction, which is the most important data range for

this Kinetic study.

All the errors found in this set of experiments pointed out the incompatibility of the HP-5 column
for the analysis of this reaction system. Therefore, as the last step in the new setup setting, a more

suitable capillary column was adopted for this analysis.

DB-FATWAX Ultra Inert (Ul) is a specific capillary column for analyzing esters and organic
acids, showing well-resolved peaks, and no co-elution of compounds. It is the best column for
complex samples, including alcohols, organic acids, and others. The manufacturer Agilent reported
tests for a mixture of alcohol, hydrocarbon, acid, ester, etc., in which they did not have co-elution
even using a short analysis time [127]. They obtained a standard deviation of absolute peak areas

within 2% for 15 repetitive injections in that report.

A DB-FATWAX Ul column was purchased and installed in the GC-FID equipment. Besides the
new column assembly, a complete cleaning was done on the equipment, including the split/splitless
inlet and the flame ionization detector. As regular maintenance to avoid contamination
(responsible for ghost peaks and other issues during analysis), some inlet parts were replaced.
Those parts included ultra inert split liner, ultra inert gold seal with washer, split vent trap, o-ring,
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and bleed temperature-optimized (BTO) septa. Fixed parts of the inlet in addition to the collector
and jet (parts of the detector) were cleaned using the procedure described in the manual. An oxygen
trap was also installed in the carrier gas line to protect the column against oxidation at GC

operating temperature.

Preliminary tests showed no co-elution of compounds, enabling the use of dodecane — the most
suitable compound for the reaction mixture — as the internal standard. The new column, however,
required a longer time to elute all the reaction compounds. To keep the analysis at a feasible
sampling time (i.e., every 15 min for composition quantification), the carrier gas was changed from
N> to He at an initial flow rate of 1.6 mL/min. The total analysis time was 14 min, considering the
temperature program of 50 °C (held for 0.5 min), a ramp of 40 °C /min until 200 °C (held for

2 min), plus the time to cool down the equipment for subsequent analysis.

Although all the measures were taken with the new column, the peak associated with octanoic acid
still showed small tailing, probably due to the column incompatibility with that specific compound
or contamination in the system. The second hypothesis was disregarded because many actions
mentioned above were taken to minimize contamination. On the other hand, the column is
completely compatible with the ester (methyl octanoate), showing sharp well-resolved, and
symmetric peaks (Figure A-1 in Appendix A). The injection volume of 0.1 pL with a split ratio of
50:1 was in agreement with both the column capacity and the split liner volume, avoiding any
issues related to the volume expansion inside the liner and overloading the column causing front

peaks.

Reaction tests were performed using two different reagent ratios, Figure 4-6, to confirm that the

new column would provide better reproducibility, independent of the ratio of the reagents chosen.
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In this case, the new DB-FATWAX Ul (green lines) and old HP-5 (blue lines) columns were tested

at 60 °C, 600 rpm, 4 h, catalyst loading of 4.5 wt%, and methanol-to-acid ratio equal to 40:1 or

20:1.
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Figure 4-6. Results of ester yield analyzed by GC columns HP-5 and DB-FATWAX Ul;

reactions with Amberlyst-15 at same conditions (60 °C, 600 rpm, 4 h, catalyst loading of
4.5 wt%), and methanol-to-acid ratio equal to 40:1 or 20:1.

A more consistent trend in the ester yield with time was observed after the new column installation.
Triplicate analysis of the same sample at ~40% conversion — range expected to show an increase
in the uncertainty of ester quantification —, showed a standard deviation between 0.6 - 1.3% in the
ester quantification for ratios 40:1 and 20:1. Therefore, the analysis of reaction progress for the
kinetic study was preferred in terms of the ester yield since it has a low concentration at the

beginning of the reaction, resulting in less error in its determination using the calibration curve.

As previously mentioned, the tailing peaks of the acid are problematic, so the trends were still not
good with the new column. The higher uncertainty in the acid quantification is related to the high

concentration at the beginning of the reaction and would happen even if the column was totally
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compatible. Therefore, the acid amounts were not used in the kinetic study after this point. The

acid results for the same reactions of Figure 4-6 are displayed in Figure A-2, in Appendix A.

4.3.5 Test of Conditions

The effect of external mass transfer resistances is normally evaluated in the literature by
performing experiments at different stirring speeds [14], [89], [128], [129]. Based on theory, in
the presence of external mass transfer resistance, the specific reaction rate constant (k,) is much
greater than the mass transfer coefficient (k.): k, > k.. Therefore, the reaction rate will be
proportional to the mass transfer coefficient and consequently to the superficial velocity when

external mass transfer is the limiting step, Equation 26.

1
—T'”A X kCCA X UE 26

where —r"’, is the rate of reaction per area of catalyst surface; C, is the bulk reactant concentration;
and U is the superficial velocity of the fluid. The mass transfer coefficient increases with the square

root of the superficial velocity of the fluid flowing past the particle, according to Equation 27,

Dz
ke = 06— 27
p

where k. is the mass transfer coefficient; D, is the diffusivity of the limiting reactant in the

solvent; v is the kinematic viscosity; d,, is the diameter of the catalyst particle. For example, if

velocity is doubled, the rate of reaction should increase by a factor of 41%: (U,/U,)%° = 2%5 =

1.41.
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The stirring speeds were tested in the range between 200 - 800 rpm using the Amberlyst-15
catalyst. The other conditions were 60 °C, catalyst loading of 2 wt%, methanol-to-acid ratio of

20:1, and 90 min reaction. The resulting yields are presented in Figure 4-7.
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Figure 4-7. Influence of stirring speed on the ester yield; results after 90 min of reaction at 60 °C,
catalyst loading of Amberlyst-15 equal to 2 wt%, and methanol-to-acid ratio of 20:1.

The ester yield was essentially the same for all conditions. Moreover, the initial reaction rate was
almost constant at 2.2 x 10 mol/mL-min, suggesting that external mass transfer limitations are

not present. The stirring speed of 600 rpm was selected for further experiments.

The catalyst loading was investigated in the range of 1 - 4.5 wt% (relative to the mass of octanoic
acid). Results are presented in Table 4-5. The increase of the catalyst loading is expected to cause
a proportional increase in the volumetric reaction rate and product yield in the absence of mass
transfer resistance [11]. The reaction rate is only the limiting step when the catalyst is fully utilized
for the reaction. From the results of Table 4-5, it is possible to conclude that there are some transfer
limitations with the mass of 0.2 g (4.5 wt%) of Amberlyst-15. Not all active sites were accessible

by the reactants; otherwise, the increment on the volumetric reaction rate and ester yield would
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not be 1.6 x from mass 0.1 to 0.2 g, but around the double, as the mass was doubled. Therefore,
2 wt% was selected as the adequate catalyst loading for the third set of experiments in the kinetic

study (Section 5.3.1).

Table 4-5. Results of ester yield and initial reaction rate using different catalyst loadings for the
reaction: 60 °C, 90 min, 600 rpm, and methanol-to-acid ratio equal to 20:1.

Amberlyst-15 (g) Initial rate (mol/mL-min x 10°) Ester yield (%)
0.0552 1.38 11.2
0.1017 251 20.3
0.2015 4.64 324

For petcoke-derived catalysts, however, the mass transfer limitations should not be expected with
a loading of 4.5 wt%, as the concentration of active sites is reduced compared to the acidity of
Amberlyst-15. Increasing the mass of P-N-3, for example, from 0.1 to 0.2 g, the ester yield
increased from 3.6 to 7.0 %, with a proportional increase in the initial reaction rate. Therefore, a
catalyst loading of 4.5 wt% was selected for the fourth set of catalysts of the kinetic study (Section

5.3.4).

External mass transfer limitations were unsuccessfully assessed by a calculation method from the
literature, as described in Appendix A. That evaluation was not possible, probably due to the
uncertainties in the estimation of some parameters and other assumptions. The same uncertainties

affected the internal mass transfer calculation, unfortunately.

The methanol-to-acid ratio was evaluated keeping constant the other conditions, i.e., 600 rpm,
60 °C, catalyst loading of 2 wt% (relative to the mass of octanoic acid), and 4 h reaction. The

methanol-to-acid ratio was adjusted accordingly for the experiments, keeping the total mixture
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volume of 31 mL constant. In this case, a longer reaction time was employed to observe the effect

of excess methanol in the reaction progress. The results are presented in Figure 4-8.
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Figure 4-8. Influence of methanol-to-acid ratio on the ester yield; results after 4 h of reaction at
600 rpm, 60 °C, and catalyst loading of Amberlyst-15 equal to 2 wt%.

Besides the highest ester yield, the methanol-to-acid ratio 10:1 also showed the best performance

in terms of the initial reaction rate, equal to 5.6 x 10® mol/mL-min in comparison to 2.2 X

10% mol/mL-min and 0.9 x 10® mol/mL-min for methanol-to-acid ratios 20:1 and 40:1,

respectively. Nevertheless, to keep the same proportion of acid sites for reaction relative to the

mass of octanoic acid, the amount of catalyst in solution was larger for the condition of 10:1.

Approximately 0.18 g was the necessary mass of catalyst (2 wt%) in this condition, suggesting

some transfer limitations. This issue was tested and confirmed by the results in Table 4-6.

Table 4-6. Test of transfer limitation for the condition of methanol-to-acid ratio equal to 10:1,
60 °C, 90 min, 600 rpm, and catalyst loading of Amberlyst-15 equal to 2 wt%.

Amberlyst-15 (g)

Initial rate (mol/mL-min x 10°)

Ester yield (%)

0.1797
0.0900

5.62
3.41

43.2
30.6
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Similar to the conclusion obtained by the results in Table 4-5, not all active sites were accessed in
reaction with a methanol-to-acid ratio of 10:1 using 0.18 g of catalyst (2 wt%). Otherwise, using
less mass of Amberlyst-15, the initial reaction rate and ester yield would be proportional. The
methanol-to-acid ratio of 5:1 was not tested for that same reason. During the experiment
preparation, it was verified that the amount of catalyst necessary to keep the proportion of 2 wt%
(relative to the mass of octanoic acid in solution) would result in 0.28 g, implying the same problem

of transfer limitation.

The methanol-to-acid ratio equal to 20:1 was selected as the most appropriate condition for the
subsequent tests, avoiding transfer limitations and favoring a high conversion of the limiting
reagent. Excess methanol up to the optimum level tends to improve the diffusion and miscibility
between reagents [130]. Even though the excess methanol would theoretically increase the ester
yield, the opposite was observed for the methanol-to-acid ratio of 40:1. Due to an excessive amount
of methanol that increases the dispersibility of the catalyst, less interaction resulted among
octanoic acid, solvent, and catalyst, consequently decreasing the production of ester [131].
Moreover, as methanol has not been recovered in this study, it would also increase the production

cost.

The temperature effect was evaluated keeping constant the other conditions, i.e., 60 °C, 600 rpm,
methanol-to-acid ratio of 20:1, catalyst loading of 2 wt%, 90 min reaction. Amberlyst-15 and
P-S-3 were chosen for this analysis, as they showed similar performances with time. Further
determination of the corresponding activation energies was assessed in Section 5.3.3. The results

are presented in Figure 4-9.
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Figure 4-9. Influence of temperature on the ester yield using catalysts Amberlyst-15 and P-S-3;
results after 90 min of reaction at 60 °C, 600 rpm, methanol-to-acid ratio of 20:1, and catalyst
loading of 2 wt%.

As expected, the reaction conversion increased for both catalysts with temperature. As the
temperature increases, the fraction of collisions with sufficient energy to overcome the activation
energy and form products also increases [90]. Over the methanol boiling point (64.7 °C), however,
the observed increase in the ester yield was not significant. Using Amberlyst-15, even the reaction
at 60 °C had a similar rate as those at higher temperatures. As confirmed later in Section 5.3.3, at
temperatures above the methanol boiling point, transfer limitations existed. Niu et al. [65] also
reported poor mass transfer during the esterification of oleic acid with ethanol over the alcohol
boiling point. This observation confirms the selection of 60 °C as an adequate temperature to

investigate the kinetics of this reaction and determine the catalyst activities.

The effect of temperature on the equilibrium conversion was not experimentally confirmed in this
study due to the method limitations. In the next Section 4.3.6, small differences were predicted in
the equilibrium conversion in the range of 25 - 200 °C. Considering all the uncertainties associated

with the method, it would not be possible to confirm the influence of temperature in the range 25
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- 80 °C. Higher temperatures would require a different setup for temperature control than a water

bath.

4.3.6 Equilibrium Conversion

For reversible reactions, the equilibrium conversion is an important parameter to determine the
reaction extent. The thermodynamic parameters, Gibbs free energy of reaction (AG/?), enthalpy of
reaction (AH?), and equilibrium constant (K,), given by Equations 9-11, were calculated to
evaluate the effect of temperature on the chemical equilibrium. For their estimation, data from the
literature for the Gibbs free energy and enthalpy of formations of the octanoic acid and methyl
octanoate compounds showed some discrepancy between sources. Therefore, a simulation of
required data was made using Aspen Plus®. The enthalpies and Gibbs free energies of formation
were calculated in the thermal range of 25 - 200 °C, so no approximation using equations of heat
capacity for each component was necessary. The thermodynamic method chosen was UNIQUAC
with Hayden-O’Connell equation of state as vapor phase model. The UNIQUAC model is
predictive for strongly nonideal liquid solutions (combination of polar and non-polar compounds)
and liquid-liquid equilibria [132]. The reaction was considered isothermal, at a pressure of 1 atm,
and with a stoichiometric feed of reagents (1.0 M concentration of each compound). The calculated

parameters are illustrated in Figure 4-10, and the data are available in Table A-6 in Appendix A.
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Figure 4-10. Influence of temperature on thermodynamic parameters of the octanoic acid
esterification with methanol.

The enthalpy of reaction decreases with temperature, which means the reaction between octanoic
acid and methanol is exothermic, and the increase of temperature reduces the product formation.
The enthalpy of reaction at 25 °C is -8.5 kJ/mol. The standard Gibbs free energy of reaction was

determined as -16.9 kJ/mol (25 °C), being a spontaneous reaction throughout the analyzed thermal

range.

The equilibrium constant at 25 °C is much greater than one, so the forward reaction is favored,
meaning the concentration of products is larger than the reagents at equilibrium, according to
Equation 8. Although the equilibrium constant decreases significantly with temperature, the
equilibrium conversion at a typical reaction temperature of 60 °C did not differ so much from
25 °C, as confirmed by the values in Table 4-7. The equilibrium conversion values were calculated

using the methanol-to-acid ratio (8) equal to 1 in Equation 4.
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Table 4-7. Expected equilibrium conversion for stoichiometric esterification of octanoic acid with
methanol as calculated by the Gibbs free energy of reaction with simulated values from Aspen
Plus®.

Temperature Equilibrium Equilibrium

(°C) constant, K, conversion, x,

25 919 0.968

60 681 0.963

80 578 0.960
100 495 0.957
120 427 0.954
140 371 0.951
160 325 0.947
180 287 0.944
200 256 0.941

The results above confirmed what is expected for exothermic reactions: the higher the temperature,
the lower the equilibrium conversion. Operating at reduced temperatures, however, leads to
diminished reaction rates [109]. In this case, even though the thermodynamics favors the product,

only in the presence of a catalyst the reaction is kinetically feasible [109].

Another aspect to be pointed out in reversible reactions is that the time required to essentially reach
equilibrium may be prohibitive (e.g., it may take several hours up to days, depending on the
catalyst activity). Also, to achieve high equilibrium conversion, excess alcohol is provided most
of the time to favor the forward reaction. The effect of excess alcohol can be evaluated through
Equation 4 by substituting the methanol-to-acid ratio (8) accordingly. In this case, x, tends to 1

for all temperatures.

Therefore, experimental tests to confirm the values of equilibrium conversion (Table 4-7) were

not carried out due to the method limitations: GC analysis with a standard deviation of £ 1% would
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not differentiate those values. Moreover, the tendency of the reaction mixture in the equilibrium
to segregate between phases using large alcohol-to-acid ratios [133] would lead to another

experimental error.

4.4 Concluding Remarks

Several issues arose from the old setup, related to the reaction system and data collection, being
the cause of low precision of the analyses. After modifications to a new reactor setup, precautions
to avoid sample loss, choice of more appropriate internal standard (dodecane), and GC analysis
with a more compatible column (DB-FATWAX Ul), the relative error of GC analysis was
minimized to approximately + 1%. At the same time, the reproducibility of experiments was

satisfactory.

The preliminary experiments confirmed the potential application of petcoke for catalyzing
esterification reactions. Functionalized petcoke with sulfuric acid, nitric acid, or a mixture of both
resulted in significant conversions of the model reaction. The sample treated with nitric acid only,

P-N-24, was approximately 68% as active as the sulfonated sample P-S-24 in terms of ester yield.

The assumption of the pseudo-first-order model is only valid at the beginning of the reaction, at
conversions below 10%, when the esterification (reversible reaction) has a linear behavior.
Therefore, the calculation of turnover frequency must follow this condition, while the equation

based on the initial rate constant seems to be more reliable.

Tests using different temperatures and catalyst loadings showed the conditions at which diffusion

is limiting the overall rate of reaction. Those limitations would be successfully avoided for the
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kinetic study using the conditions: 60 °C, 600 rpm, methanol-to-acid ratio 20:1, catalyst loading

of 2 wt% (or up to 4.5 wt% for petcoke).
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Chapter Five: KINETIC STUDY OF ESTERIFICATION REACTION CATALYZED BY
ACID-MODIFIED PETROLEUM COKE
5.1 Introduction
The purpose of this chapter is the evaluation of the kinetic performance of different petcoke-
derived catalysts over a model reaction: esterification of octanoic acid with methanol at 60 °C, and
the analysis of the influence of acidic, structural, and physical features on the catalytic
performance. The materials were tested in terms of activity for reaction, chemical stability in

solution, and activation energy. A comparison with a standard catalyst was always provided.

The following section details the materials and methods used during the catalytic and stability
tests. Section 5.3 consists of the kinetic study and includes the following topics: the catalytic
activity in terms of reaction rate and turnover frequency, the catalyst deactivation by leaching of
active sites, the determination of activation energies and error analysis, and the relationship of
performance with acidity. Section 5.4 summarizes the relevant discussion and conclusions of this

chapter.

5.2 Materials & Methods

All experiments were carried out with the “new” reactor setup after improvements discussed in
Chapter 4. Reaction results are presented hereafter only in terms of ester yield (described in Section
4.3.4) for the esterification of octanoic acid with methanol, using GC analysis with the capillary

column DB FATWAX UI.

The chemicals used in the kinetic study were described in Chapter 3. A third set of catalysts (first
and second sets described in Chapter 4) was used for activity and stability tests. The materials

P-N-3 and P-S-3 were produced by Qing Huang. They were treated with nitric acid (N) or sulfuric
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acid (S) for 3 h at 120 °C. PC-TPA was prepared by Robert Pryde: wet-ball-milled petcoke (using
isopropanol as solvent) doped with wet impregnation of 12-tungstophosphoric acid. Amberlyst-15
(H) ion exchange resin (Styrene-DVB, Alfa Aesar) was used for comparison. This commercial
catalyst is a polystyrene-based ion exchange (styrene-DVB 20%) resin with attached sulfonic
groups on its polymer matrix [110]. P-S-3 and Amberlyst-15 were also used for the determination

of activation energies.

The fourth set of catalysts was entirely provided by Qing Huang and used for activity tests and
analysis of the relationship between performance and acidities. This set consisted of petcoke
samples treated only with nitric acid: P-N-3/120, P-N-3/80, P-N-24/120, B-N-3/120, plus BP and
PC. The numbers 3 or 24 refer to the treatment time in hours, while the last numbers 80 or 120
refer to the treatment temperature in °C. The samples B-N-3/120 and BP correspond to petcoke
ball-milled (“B” in name) for 4 h (using isopropanol as solvent) before the functionalization, and
ball-milled petcoke without further treatment. The sample PC corresponds to petcoke sieved

without further treatment.

All the catalysts employed in this kinetic study and their available properties are described in Table
5-1. Except for the standard catalysts H.SO4 and Amberlyst-15, all properties listed below were
measured and provided by the person who provided the catalyst. For H2SOa, the acidity was
calculated directly by the number of protons and molar weight, while for Amberlyst-15, it was

measured by the ion-exchange titration method (details are presented in Table B-1, Appendix B).

68



Table 5-1. Properties of catalysts used for the kinetic study of esterification reaction.

Catalyst

Strong acidity Total acidity

Physical properties

Reference

(mmol/g) * (mmol/g) ?
Amberlyst-15  4.70 4.70 Particle size: >500 ym  <perimental/
manufacturer
P-S-3 0.25 1.05 Particle size: < 63 pm Qing H.
Particle size: <50 pm
(Pol\lPsll\TZB(; 0.35 4.67 Surface area: Qing H.
3.2m?g3- 217 m2/g*
PC-TPA 1.69 7.82 -- Robert P.
H2S04 20.4 20.4 -- Calculated
P-N-3/80 0.20 2.90 Surface area: 231 m2/g*  Qing H.
B-N-3/120 0.33 5.18 Surface area: 200 m2¢/g*  Qing H.
Pore size: 0.4 - 0.6 nm [112]
P-N-24/120 0.70 5.25 Surface area: Qing H
4.1 m2/g® - 151 me/g * gr.
Pore size: 0.4 - 0.7 nm
PC 0.0 0.34 Surface area: [Q1i1n2] Y
1.5 m2/g 2 - 84 m2/g g
BP 0.0 0.55 Surface area: 172 m2/g*  Qing H.

1 [-SO3H] determined by ion exchange with NaCl and titration with NaOH; ? determined by ion
exchange with NaOH and titration with HCI; 2 by N, adsorption; 4 by CO, adsorption.

5.3 Results & Discussion

The esterification of octanoic acid with methanol is slowly autocatalyzed by the acid (without an

external catalyst), resulting in 1.6% of ester yield after 90 min (or 3.4% after 4 h) of reaction, at

conditions of 60 °C, 600 rpm, and methanol-to-acid ratio 20:1.

5.3.1 Activity of Catalysts

The third set of catalysts was tested using the conditions established in Chapter 4: 60 °C, 600 rpm,

methanol-to-acid ratio 20:1, and catalyst loading of 2 wt%. The focus is the beginning of each
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reaction (x < 10%), thus, the reactions were carried out for only 90 min. The results are given in

Figure 5-1.
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Figure 5-1. Results of ester yield using the third set of catalysts: PC-TPA, Amberlyst-15, P-S-3,
and P-N-3 at reaction conditions: 60 °C, 600 rpm, methanol-to-acid ratio equal to 20:1, catalyst

loading of 2 wt%, and 90 min.

The fractional yield decreased in the order of PC-TPA (40.7%) > Amberlyst-15 > P-S-3 > P-N-3

(3.6%). The absolute error of ester yield was in the range of + 0.1 - 1.5% for this set of experiments.

The product amounts were converted through mass balance (molar basis) to the consumed acid,

and then the pseudo-homogeneous first-order model was fit to the data of the beginning of reaction

(x < 10%) to obtain the initial rate constant, according to Equation 20. Initial TOF values were

calculated from Equation 16, using the strong acidity estimated by titration as the active sites for

reaction. Table 5-2 summarizes the activity results of those materials, including the initial reaction

rate obtained by Equation 23.
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Table 5-2. Results of activity of the third set of catalysts.

S’Fr(.)ng 'I"o'tal Initial TOF 2 Initial rate Ester ylek.j

Catalyst acidity * acidity ? () (mol/mL-min) after 90 min
(mmol/g) (mmol/g) (%)
P-N-3 0.35 4.67 22 0.37 x 10°® 3.6
P-S-3 0.25 1.05 159 2.0x10° 18.3
PC-TPA 1.69 7.82 87 5.8x 10 40.7
Amberlyst-15 4.70 4.70 11 25x10° 20.3
Blank -- -- -- 0.14 x 10°® 1.6

! Determined by ion-exchange titration method; 2 calculated with the strong acidity estimated by
titration.

Even though the best catalyst in terms of yield and initial reaction rate was PC-TPA, normalizing
the activity by the active sites, P-S-3 showed the best performance in terms of the turnover

frequency. Interestingly, this catalyst has the lowest number of acid sites for reaction.

As water is one product of the reaction, studies suggested that the process of adsorption and
desorption of the carboxylic acid on the active sites of the catalyst is constrained on more
hydrophilic surfaces [53], [77], [78]. In other words, the reaction rate decreases over more
hydrophilic surfaces, which results from a high content of total acidity (Figure 5-2). Thus, the low
content of acid sites on P-S-3 (total acidity of 1.05 mmol/g) is likely responsible for keeping this
catalyst surface more hydrophobic than the other materials. Therefore, the high activity of P-S-3
could be explained by an appropriate balance of hydrophilicity/hydrophobicity of the catalyst
surface. Another possible explanation for such behavior is based on the strength of Brgnsted acid
sites in this carbon material. Some sulfonic groups may be linked by strong hydrogen bonds,

resulting in a stronger acidity due to mutual electron-withdrawal [62], [64].
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Sulfonic groups are much stronger and more active for reaction than other oxygen-containing
groups. Sulfonic groups, however, suffer easy deactivation by poisoning with water produced by
esterification and other strongly bonded intermediates/byproducts of reaction [38]. Deactivation
by water is among the major causes of decreasing the catalytic activity of solid acids with more
hydrophilic surfaces [78]. When the presence of products reaches a threshold, the water forms a
layer over the hydrophilic species [79]. The mechanism of protonation of the reagent on the
catalyst surface becomes more difficult, resulting in a slow reaction rate [78]. The hydration of
active sites might explain the low activity of Amberlyst-15 in comparison to P-S-3 and PC-TPA
in terms of initial TOF and conversion, despite the large number of acid sites on Amberlyst-15.
lon exchange resins may also suffer dissociation of sulfonic acid groups in the solution in the
presence of water [13]. Thus, the acidic sites of Amberlyst-15 are likely easier to deactivate by
water [38] than the other catalysts. Other studies also reported low conversions of this catalyst for

esterification reactions [7], [68], [73], [115], [134], [135].

Catalyst P-N-3 did not show a good performance either. Many reasons can be suggested: low
strong acidity, an excessive amount of weak acid sites (carboxylic and phenolic groups) competing
for adsorption of molecules, and reduced accessibility of reactants to the active sites. As explained
earlier, titration overestimates the -SOzH concentration during the ion exchange procedure for
samples functionalized with nitric acid [112]. Indeed, the strong acidity of P-N-3 quantified by
XPS was 0.12 mmol/g, significantly smaller than the value reported in Table 5-1 as 0.35 mmol/g

by titration.

Catalyst PC-TPA showed the best performance in terms of ester yield. The strength of PC-TPA
for catalyzing esterification is related to a different functionalization treatment for this sample,

being a more complex material than the other petcoke samples with -SOzH, -COOH, and -OH
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functional groups. The functionalization with 12-tungstophosphoric acid is expected to incorporate
Brensted acid sites on the surface of supported TPA catalysts [17], [136], although some Lewis
acidity may also be generated, contributing to the activity in catalysis of esterification reactions
[93], [137]. Therefore, the TOF value of 87 h' might not be correct, as it was calculated
considering only the strong acidity (B*) estimated by titration as the active sites for reaction.
Further analysis of this catalyst is beyond the scope of this study, but more characterization is

suggested about the strength distribution and nature of active sites to understand their influence on

catalytic activity.

The hydration of acid sites, explained above, might be responsible for the low activity of P-N-3
and Amberlyst-15 because of their high concentration of acid sites, as shown schematically in
Figure 5-2. The functional groups on each catalyst surface include strong sites in red and weak

sites in black, in the approximate proportion estimated by titration (Table 5-2).

P-N-3 P-S-3
ﬂ@b\\ @

=1} wiong““ A ¢ O A

[H7] =035 mmolg  [Total acidity] = 4.67 mmol/g [H7] =025 mmolg  [Total acidity] = 1.05 mmol/g
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13410
HOO2
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[H'] =470 mmollg  [Total acidity] = 4.70 mmol/g [H7] =169 mmollg  [Total aciditv] = 7.82 mmol/g

Figure 5-2. Hydration of acid sites for various catalysts used for the esterification nof octanoic
acid with methanol.
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The presence of carboxylic and hydroxyl groups, as well as sulfonic species should increase the
hydrophilicity of the surface. As the concentration of water in the reaction medium increases, more
of the hydrophilic sites will be covered, stearically hindering access to the active sites and reducing
the reaction rate. The low number of acid groups on sample P-S-3 results in a lower coverage by
water molecules. Understanding the nature of the surface of sample PC-TPA requires more

information regarding the composition of functional groups and their affinities with water.

For this set of materials, no direct relationship was observed between the properties of the catalyst
(e.g., strong acidity) and its performance during the reaction. This knowledge would be helpful as

feedback for the fabrication process in order to improve the catalyst activity.

Many studies reported data for this esterification model reaction, but mostly in terms of final
conversion and not using turnover frequency values, as presented in Table 5-3. Beyond the
different conditions applied, the acid conversion varies according to the catalyst performance for
reaction. Catalyst activity, in turn, is conditional on its structural, physical, and acidic features,
which depend on the preparation method [102]. Hence, it is complex to compare the results of this

study with the literature deeply.
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Table 5-3. Esterification of octanoic acid with methanol over different acid catalysts.

Catalyst Molar . Max.
. . Temp. Time .
Catalyst loading ratio, °C) h) conversion Reference
(Wt%) 4 (%)
Nafion/silica 5.6 2:1 60 11-24 40 - 58 [23]
lonic liquid 6 5:1 60 3 87 [97]
Amberlyst-15 5 31 60 4 44 [38]
H2SO4 5 31 60 4 ~100 [38]
Sulfonated carbon 5 3:1 60 4 72 [38]
Sulfonated carbon ~6 2:1 60 1 19 [76]
Sulfated zirconia 0.5 10:1 60 7 98 [102]
Niobic acid 15 14:1 65 3 98 [51]
Titania zirconia, 10
Tungstated zirconia, ~16 2:12 75 4 20 [48]
Sulfated zirconia 60
Tungstated zirconia- - o, 451  175-200 20 94-100  [100]
alumina
planiazireonia, - g 451 175-200 20 100 [101]
Alumina zirconia
80-120 20 <20
; i 1 .
Sulfated zirconia 49 45:1 150 - 200 20 99 - 100 [103]
. 60 20 44
1 .

Sulfated tin oxide 49 45:1 80-120 20 95 - 100 [103]
Heteropolyacid- _
based ionic liquids o1 %0 3 63-91 [37]
Commercial acid
clay (K-10) 85
Acid-activated clay =35 31 100 4 [98]

. 99
(smectite)
Sulfated aluminum 15 6:12 75 4 26 - 92 [99]
phosphate

! The authors did not report the catalyst loading in wt% or the mass of reagents for calculation;
2 esterification with ethanol.

Compared to the previous table, some petcoke-derived catalysts (P-S-3 and PC-TPA) showed

higher activities than typical solid acid catalysts, as Nafion/silica, Amberlyst-15, and modified
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zirconias. The better performance of P-S-3 and PC-TPA can be inferred in terms of mild conditions
applied to reaction, lower catalyst loading, lower temperature, or shorter reaction time. Reaction
with PC-TPA, for example, at 60 °C, 600 rpm, methanol-to-acid ratio 20:1, and catalyst loading

of 4.5 wt% resulted in 86% ester yield after 4 h.

From Table 5-3, only one study [38] compared the catalysts in terms of turnover frequencies.
Sulfonated carbon with a performance of 72% conversion after 4 h of reaction revealed an initial
TOF value equal to 0.79 min* (47 h'l) for a strong acidity of 0.45 mmol/g (measured by EDX —
Energy-dispersive X-ray spectroscopy). Even though the reaction progressed faster (~40%
conversion after 90 min) with a larger catalyst loading, the catalyst had a lower activity per acid
site than P-S-3. The authors also explained the high result of conversion due to an adequate balance
of strong and weak acid sites, which helped prevent the catalyst from deactivation [38]. For
Amberlyst-15 and H2SO4, the results were 3.6 and 29 ht, respectively, much lower than the values

obtained in this thesis.

5.3.2 Stability of Catalysts

The previous set of catalysts was also tested regarding the chemical stability in solution, placing
the materials in methanol for 90 min at the reaction temperature of 60 °C. The same catalyst
loading of 2 wt% (0.1 g) was used for comparison to the reference reactions (Table 5-2). After
filtration for solids removal, the methanol was reacted with octanoic acid at conditions of
methanol-to-acid ratio equal to 20:1, 60 °C, 600 rpm, and 90 min. Results are presented in Table

5-4.
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Table 5-4. Results of the leaching experiment using the third set of catalysts.

. Initial rate of
Catalyst Est(((e)/rO;/ ileld (mlor:;::]ali-:f]‘:ﬁ) 1 IeaE;ti(rir yield gf ,  leaching test
g test (%) (mol/mL-min) 2
P-N-3 3.6 0.37 x 10 0.5 0.05 x 10
Amberlyst-15 20.3 2.5x10° 5.9 0.6 x 10°®
PC-TPA 40.7 5.8 x10° 31.8 4.8 x10°
P-S-3 18.3 2.0x10° 19.0 2.5x10°
Blank 1.6 0.14 x 10 -- --

! Reaction with catalyst; 2 reaction with only leached sites to methanol.

All materials showed leaching of soluble species to methanol. The petcoke-derived catalysts
P-S-3 and PC-TPA suffered noticeable leaching of active sites, exhibiting significant contribution
of homogeneous catalysis by the leached functional groups. Even though Amberlyst-15 is reported
as a stable material, some species were leached, contributing 2.7x for the acid conversion

compared with the blank reaction.

The slightly high ester yield of P-S-3 in the leaching experiment could be due to experimental
error, resulting in P-S-3 ester yield equal to 19.0 + 0.8%. The initial reaction rate of leached species
to methanol, however, was 25% higher than the reaction with the catalyst in solution. This
observation might suggest the active sites of P-S-3 had more access to reactants when in solution,

and perhaps the pore size is constraining the reaction on active sites inside the pores.

Despite the explanations related to the acidities of materials in Section 5.3.1, the location of acid
sites also plays an important role in the catalyst activity. Tamborini et al. [66] showed by studying
particle size of porous-carbon catalysts that mesopores (2-50 nm) increase the contact of reactants
with internal and external sulfonic groups, leading to high catalytic activity. Samples of petcoke

treated with sulfuric acid or nitric acid and characterized by CO- adsorption showed a similar pore
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size distribution in the range 0.4 - 0.8 nm (micropores) (Table 4-1). The acid sites located inside

the pores might not be accessible for large reactants, negatively affecting the activity [138].

P-N-3 may not have suffered leaching of actives sites to methanol, but this sample was not active
for the reaction as well. The low leaching of -SOsH might be related to the large concentration of
carboxylic groups as weak acid sites. Hara [62] suggested that -COOH groups contribute largely
to the stability of -SOzH groups bonded to amorphous carbon. While carboxylic groups compete
for adsorption of molecules and favor the surface hydration, decreasing the material activity [64],
the presence of these groups might be beneficial for chemical stability [68]. As the total acidity of
P-N-3 (4.67 mmol/g) is proportionally huge compared with its strong acidity (0.35 mmol/g by
titration or 0.12 mmol/g by XPS), the presence of the weak acid group -COOH might explain the
reduced ester yield of methanol after leaching test. The solvent, however, significantly affects the
behavior of active sites towards leaching [139]. The hydrophilic nature of acid sites increases the

solubility in methanol (polar media) of active sites not strongly bonded to the surface.

Therefore, a better explanation for this sample stability is related to the strength of moieties
bondings. P-N-3 was functionalized with nitric acid, and thus, the sulfonic groups are possibly

more strongly attached to the catalyst surface due to modification of the inherent sulfur.

Even though PC-TPA possesses a higher proportion of weak acid sites than P-S-3, the active sites
might not be “completely” leached from the petcoke surface, since the conversion of the leaching
experiment was lower than the reaction with the catalyst in solution. This result may infer that
those functional groups are also more strongly attached to the surface, providing some stability in

comparison to the sulfonic groups.
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The ester yield of P-N-3 equal to 0.5 £ 0.1% is different from the blank reaction (1.6 £ 0.2%).
Unless other experimental issues resulted in that lower conversion compared to the autocatalyzed
reaction, one speculation is that the reaction might have been constrained by the leaching of other
functional groups from the P-N-3 surface, since the treatment with nitric acid also incorporates
some nitrogen hetero doping [87]. A piece of evidence for the leaching of some soluble species
from this sample is that the methanol — after removal of solids — was recovered in yellow color;

meanwhile, it was colorless for the other materials.

Several studies reported the deactivation of carbon-derived catalyst — and other sulfonated solid
acids — by leaching of sulfonic groups to methanol [38], [76], [77], [139], [140]. The polarity of
methanol is responsible for attracting the hydrophilic sulfonic groups causing the leaching of active
sites [76]. This effect leads to homogeneous catalysis consequently. In comparison to
homogeneous catalysis, however, the initial reaction rates obtained were lowered. A reaction using
a minimal amount (one drop) of H2SO4, for example, had 0.57 mmol of active sites in solution,
resulting in an initial reaction rate in the order of magnitude of 1.0 x 10 mol/mL-min. Considering
that all active sites were leached to methanol from P-S-3 — a petcoke sample functionalized with
H>S04 —, the homogeneous catalysis with 0.025 mmol resulted in an initial reaction rate 40x slower
(2.5 x 10® mol/mL-min). Therefore, the strength of those leached active sites is reduced compared

to the liquid catalyst.

The poor stability of the catalysts demonstrated by the solubility in polar media can be attributed
to the weak interaction (loosely bonded attachment) of the functional groups with the surface of
the carbon structure [77]. Studies reported the material stability was improved against leaching

using high temperatures during the catalyst sulfonation [141], while the same effect was observed
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for the calcination temperature [134]. Moreover, the incorporation of surfactants, as reported by
Souza et al. [142], on the catalyst surface help increase the hydrophobicity and consequently
decrease the solubility in polar media. Mo et al. suggested the use of a structure-directing agent
for improving stability. The sulfonation of an integrated carbon-polymeric matrix precursor

resulted in a more stable catalyst [143].

The strong acidities of spent catalysts were not measured due to the difficulty of recovering the
materials. The mass of material recovered was less than 50% from each experiment. Besides the
weight reduction due to leaching in methanol, some material remained attached to the filter

membrane and vial walls, decreasing the mass of material available for analysis.

5.3.3 Activation Energy Determination

Using the Arrhenius equation, the activation energy values and the pre-exponential factor were
determined for the esterification of octanoic acid with methanol catalyzed by Amberlyst-15 and
P-S-3. The experiments were carried out in the range of 40 - 80 °C at the established conditions in
Chapter 4: catalyst loading of 2 wt%, methanol-to-acid ratio 20:1, 600 rpm, and 90 min. Reaction

results are given in Figure 5-3.
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Figure 5-3. Results of ester yield for the model reaction catalyzed by a) Amberlyst-15, and
b) P-S-3. Reaction conditions: catalyst loading of 2 wt%, methanol-to-acid ratio equal to 20:1,
600 rpm, 90 min, and temperature range of 40 - 80 °C.

For each temperature, Equation 20 was fit to the data to obtain the pseudo-first-order rate constants

below 10% conversion (initial rate constants). The values are presented in Table 5-5.

Table 5-5. Initial rate constants for the esterification of octanoic acid and methanol catalyzed by
Amberlyst-15 and P-S-3 in the range of 40 - 80 °C.

Temperature Initial rate constant, k (min-)
(°C) Amberlyst-15 P-S-3
40 0.92 x 10 0.83x 103
45 1.26 x 103 1.29x 103
50 1.70x 103 1.39x 103
55 2.16 x 1073 2.07x 103
60 2.81x 103 2.15x 103
65 2.77x 1073 2.80x 1073
70 3.15x103 2.89x 103
80 3.32x103 3.04x 103

Plotting the data from Table 5-5 according to Figure 2-3 using the linearized form of Arrhenius

equation, makes it easier to observe the effects of temperature on the catalytic activity, Figure 5-4.
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Figure 5-4. Arrhenius plot of esterification of octanoic acid and methanol catalyzed by
Amberlyst-15 and P-S-3 in the range of 40 - 80 °C.

The behavior illustrated above by the first three points for each catalyst identifies some concerns
with the reaction rate at temperatures over the boiling point of methanol (64.7 °C). In fact, the
apparent activation energy in the range of 65 - 80 °C was determined as low as 11 and 5.3 kJ/mol
for Amberlyst-15 and P-S-3, respectively. Those values of apparent activation energy
(< 20 kJ/mol) indicate that the reaction is not kinetically but diffusively controlled in that range of
temperature [117]. This limitation is related to the formation of another phase. Therefore, the
apparent activation energy was determined in the range of 40 - 60 °C for both catalysts, where

methanol and octanoic acid form one liquid phase at normal pressure, Figure 5-5.
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Figure 5-5. Determination of apparent activation energy for the esterification of octanoic acid
and methanol catalyzed by Amberlyst-15 and P-S-3 in the range of 40 - 60 °C.

The values of the activation energy (E,) and pre-exponential factor (A) for the esterification of

octanoic acid with methanol over Amberlyst-15 and P-S-3 are presented in Table 5-6.

Table 5-6. Activation energies and pre-exponential factors for the esterification of octanoic acid
with methanol over different acid catalysts.

Catalyst Temperature (°C)  E, (kJ/mol) A (min?) Reference
Amberlyst-15 40 - 60 48.3+15 108 x 103+ 2 This study
P-S-3 40 - 60 42.2 +6.7 11x 103+ 12 This study
Halogen-free 50 - 90 337 2.86 x 10° [97]
ionic liquid
Tungstated 75 - 120 60.7 - [48]
zirconia

Without considering the uncertainty values, the activation energy for the reaction catalyzed by
Amberlyst-15 is larger than by P-S-3, meaning the reaction rate of the former is more sensitive to
temperature. A few degrees of temperature considerably affect the rate constant (k), and
consequently, the reaction rate [90]. Generally, a lower activation energy corresponds to a more

effective catalyst. As discussed and analyzed below in the error analysis, however, those activation
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energies are within experimental error. Therefore, it is not possible to infer that P-S-3 is a more

effective catalyst than Amberlyst-15.

The higher pre-exponential factor for Amberlyst-15 means a higher frequency of collision between
molecules of reagents. A phenomenon named “compensation” might be the case here.
Compensation commonly occurs in heterogeneous catalysis and results in an observed linear
correlation of activation energy with In A [105]. Thus, it is not possible for one catalyst of a series
to have the lowest activation energy and highest pre-exponential factor simultaneously [105].
Because of uncertainties due to experimental error and restricted data collection — only two

catalysts and a small range of E, —, no further analysis was done in this regard.

The only reported activation energy for this reaction was 33.7 kJ/mol using a homogeneous
catalyst — ionic liquid [HSOsz-pmim]*(¥2Zn?*)SO4*" [97]. A priori, the reported catalyst seems more
effective for the esterification of octanoic acid with methanol. The conditions applied, however,
were different, especially the range of temperature 50 - 90 °C, even at ambient pressure. The
authors used a similar setup for reaction and did not mention any precautions regarding transfer
limitations over the methanol boiling point. They also used microporous molecular sieves to
remove the water produced during the reaction and excess methanol. Thus, the esterification could
be considered an irreversible reaction, dependent only on the acid concentration, and the rate

constants were determined at higher acid conversions (70 - 90%).

The reported activation energy using tungstated zirconia is for the simultaneous transesterification
reaction of tricaprylin with ethanol and subsequent esterification of caprylic acid (octanoic acid).

Thus, it is more complicated to compare with this study.

84



Error Analysis
An error analysis of the activation energies of Amberlyst-15 and P-S-3 was carried out to verify if

those values are indeed distinct or the difference is due to the propagation of experimental errors.

After all the improvements made for the new reactor setup and ester quantification by GC analysis,
the standard deviation of GC response given by triplicate injections of the same sample was

measured as x 1.1% for this set of experiments, according to Equation 25.

A calibration curve was necessary to determine the mass of ester in solution, according to Equation
12. Calibration curves associate known masses measured by analytical balance of a compound
with measured values of response factor given by GC. The resulting calibration value comes from
the slope of a plot m, /m;, versus A,/A;; and the error associated with that was taken as the
standard error of the slope. The error of the calibration curve of ester was determined in the range
of £ 0.2 - 4.0%. New calibration curves were obtained periodically in case there was any change

in the column response. Over six months, the calibration curves changed by 2.6%.

The error of mass of ester in solution was an association of calculation steps, involving
multiplication of response factor with the mass of internal standard and division by the calibration

curve. Therefore, Equation 28 applies for the error, where z = ab or a/b.

o= |+ (2 e

The relative error of ester quantification resulted in = 1.2 - 4.1%. The mass of ester was then
transformed into the number of moles to result in the mass of converted acid eventually. The acid

in solution was calculated by subtracting the converted acid from the initial mass of acid weighed
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on the balance. Thus, the error associated with the amount of acid in each sample withdrawn from

the reactor was calculated according to Equation 29.

o= () >

For each temperature, values below 10% conversion were used for fitting the rate constant
according to Equation 20. In the plot time versus mass of octanoic acid, maximum and minimum
slopes of the curve were taken by summing or subtracting those errors of acid amount accordingly.
Figure 5-6 illustrates the procedure for determining the rate constant of the model reaction using

Amberlyst-15 at 60 °C with the error associated with that value. The points correspond to 1, 15,

and 30 min.
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Figure 5-6. Fitted curves for determination of the rate constant (a) and associated error (b) for the
esterification of octanoic acid with methanol catalyzed by Amberlyst-15 at 60 °C.

The mean rate constant was estimated as 2.805 x 10 min. From maximum and minimum slopes,

the rate constant values were estimated as 2.958 x 10 min™ and 2.617 x 10 minL. Therefore, Ak

was considered as 0.171 x 10° min™. Those fits were made for every temperature using both

catalysts, and the error of each rate constant was computed in the linear and exponential fits for
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determining the activation energy, as Figure 5-7. The error associated with the values of In k is

given by Equation 30, where z = In A.

Aa 30
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Figure 5-7. Fitted curves for determination of the activation energy of the esterification of
octanoic acid with methanol catalyzed by Amberlyst-15 in the range of 40 - 60 °C; a) linear plot,
and b) exponential plot of Arrhenius equation.

The activation energy was determined from the slope of the linear curve, according to Equation
24, or from the negative exponent of the exponential curve, as given in Equation 7. From Figure
5-7, the activation energy for the reaction in the range of 40 - 60 °C catalyzed by Amberlyst-15
resulted in similar values from both plots, being estimated as 48.3 kJ/mol at a level of confidence
of 95%. The final error of activation energy was taken as the standard error of slope of those fits
corresponding to £ 1.5 kJ/mol. Similarly, the final error of the pre-exponential factor was taken as

the standard error of intercept. For Amberlyst-15, A = 108 x 10° + 2 min™.,

The same methodology was applied for calculating the error associated with the activation energy
of reaction catalyzed by P-S-3, Figure 5-8. Due to the significant error associated with the rate
constants, however, the exponential fit did not converge for those values. Therefore, the activation

energy and pre-exponential values were determined only from the linear plot of the Arrhenius

87



equation. For the range of 40 - 60 °C, the activation energy was estimated as 42.2 £ 6.7 kJ/mol at

a level of confidence of 95%, while the pre-exponential factor was equal to 11 x 10° + 12 min™,
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Figure 5-8. Fitted curves for determination of the activation energy of the esterification of
octanoic acid with methanol catalyzed by P-S-3 in the range of 40 - 60 °C; a) linear plot, and
b) exponential plot of Arrhenius equation.

The analysis of residual plots for the fitted curves showed no trends (Figure B-1 and Figure B-2,
Appendix B). Random scatter on either side of the fitted line means no biases on the fit. The
coefficient of determination (R?) is a measure of correlation between the variables. For both
Amberlyst-15 and P-S-3, there are high levels of correlation with values of 99% and 93%,

respectively. The lower value for sample P-S-3 reflects the higher level of uncertainty in the data

for this sample.

The error of activation energy of P-S-3 might be a little overestimated by the methodology applied,
as the error associated with the GC calibration curve for P-S-3 was higher than Amberlyst-15,
affecting the final result significantly. On the other hand, the analysis was limited to errors on the

x-axis. The temperature, which does influence the reaction rate, was considered fixed by the water

bath due to small fluctuations in the setpoint.
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5.3.4 Relationship between Performance and Acidity

The fourth set of catalysts consisted of petcoke samples only functionalized with nitric acid. The
conditions used were 60 °C, 600 rpm, methanol-to-acid ratio 20:1, catalyst loading of 4.5 wt%,
and 4 h reaction. In this case, the amount of catalyst was increased as these catalysts had fewer
acid sites per catalyst mass. Moreover, a longer time was used to better observe the differences in
conversion, as some materials have low activity (x < 10% after 90 min). Results are given in Figure

5-9. For this set, the initial turnover frequencies were calculated with the strong acidity determined

by XPS, as presented in Table 5-7.
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Figure 5-9. Results of ester yield using the fourth set of catalysts: P-N-3/80, P-N-3/120,

P-N-24/120, B-N-3/120, PC, and BP at reaction conditions: 60 °C, 600 rpm, methanol-to-acid
ratio equal to 20:1, catalyst loading of 4.5 wt%, and 4 h.

The fractional yield decreased in the order of B-N-3/120 > P-N-3/80 > P-N-3/120 > P-N-24/120;
meanwhile, the TOF values almost followed the same trend. Petcoke samples without
functionalization (PC and BP) resulted in a lower ester yield than the blank reaction. The absolute

error of ester yield was in the range of + 0.2 - 0.5% for this set of experiments.
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Table 5-7. Results of activity of the fourth set of catalysts.

Strong Strong Total Initial Initial rate  ESter yield

Experiment acidity!  acidity?  acidity?! TOF?3 (mol/mL-min) after 4 h
(mmol/g) (mmol/g)  (mmol/g) (hh) (%)
B-N-3/120 0.33 0.20 5.18 67 1.4 x10°% 26.0
P-N-3/80 0.20 0.13 2.90 68 0.91 x 10°® 19.7
P-N-3/120 0.35 0.12 4.67 60 0.72x 10°® 16.1
P-N-24/120 0.70 0.16 5.25 37 0.61x 10°® 13.9
PC -- -- 0.34 -- 0.10 x 10°® 2.5
BP -- -- 0.55 -- 0.04 x 10°® 1.1
Blank -- -- -- -- 0.14 x 10°® 3.4

! Determined by ion-exchange titration method; 2 determined by elemental analysis with XPS; 3
calculated with the strong acidity determined by XPS.

The strong and total acidities determined by titration did not correlate to the catalyst activity (TOF
and ester yield). As discussed before, the ion-exchange titration method is not accurate in
determining the effective number of acidic sites on the surface of petcoke samples functionalized
with nitric acid. Those values are overestimated due to the presence of weak acidic groups
developed on the material surface. The dissociation of the carboxylic group (-COOH) is enhanced
by the aromatic nitro structures generated from the treatment of petcoke with nitric acid,
contributing to the ion exchange during the titration of strong acidity [112]. The presence of the
carboxylic group on the surface of carbon-derived catalysts was also reported by Okamura et al.
and Mo et al. as a contributor to the exchanged H* during titration [72], [76]. Also, no direct
relationship was observed between the surface area of the catalyst and its activity (initial rate, TOF,

or ester yield) during the reaction.

On the other hand, except for the P-N-24/120 sample, the strong acidity determined by XPS

showed a proportional relationship with the initial reaction rate and ester yield. The strong acidity
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positively affects reaction conversion, as the sulfonic group is the active site for catalyzing this
reaction. X-ray photoelectron spectroscopy (XPS) is a technique for surface characterization:
elemental composition, electronic structure, and chemical bonding states of the elements within a
material [144]. Because XPS is a surface-sensitive technique, the acidity inside the pores may not
be counted, and consequently, the determination of strong acidity by XPS may not be truly
accurate. Nevertheless, the elemental sulfur analysis for estimation of sulfonic group concentration
is more realistic and accepted in the literature than the ion-exchange titration method [61], [72],

[76], [145].

The larger value of strong acidity of B-N-3/120 might be responsible for a high turnover frequency
and the best performance in terms of ester yield. In agreement with the results of the third set of
catalysts, P-N-3/80 resulted in the best performance in terms of TOF, having the lowest total
acidity among the catalysts tested in this set (2.9 mmol/g). The low content of weak acid sites
supports the better activity of P-N-3/80 in comparison to P-N-3/120. Both materials have almost
the same strong acidity; thus, the more hydrophobic surface of P-N-3/80 would explain its higher
activity. Nevertheless, the large concentration of weak acid groups presented in this whole set of

catalysts, compared to P-S-3 (total acidity of 1.05 mmol/g), resulted in less active materials.

The turnover frequency is a normalization of activity by the number of active sites (strong acidity
and mass of catalyst); thus, the results of Table 5-7 suggested that the active sites of P-N-24/120
are less active than the other materials. Despite the total acidity being believed to reduce the
activity, other parameters might affect the reaction rate negatively. The acidity strength of
P-N-24/120, developed in a long time, would be responsible for its opposite performance from
B-N-3/120, although the similar total acidities. Therefore, a strength distribution of the actives

sites (sulfonic group) might better explain the behavior of those samples and correlate their
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acidities with the catalytic activities. For zeolites, for example, a linear correlation was found
between the activity and concentration of Brgnsted sites [55], [146]. These materials can have an
excellent crystallinity, with identical and noninteracting catalytic sites, which results in accurate

activity values regarding the true active sites [116].

The use of materials PC and BP resulted in lower ester yields than the blank reaction (Figure 5-9).
These results can be explained by the produced ester molecules adsorbing on those materials. The
presence of weak acid groups confirmed by the total acidity values is probably responsible for this
behavior. Those weak acid groups improve the hydrophilicity of the material surface [75]. Besides
bonding with the water produced from the reaction (hydration) [64], those oxygen-containing
groups might bond to the hydrogen bonding acceptors in esters as well [147], [148]. Therefore, the
ball-milled petcoke (sample BP) showed an even lower ester yield due to the higher amount of

weak acid groups on the surface, i.e., total acidity equal to 0.55 mmol/g.

5.4 Summary

Petcoke-derived catalysts functionalized with sulfuric acid (P-S-3) or 12-tungstophosphoric acid
(PC-TPA) showed better performance at similar reaction conditions (60 °C, methanol-to-acid ratio
of 20:1, and 600 rpm) than petcoke functionalized with nitric acid, P-N samples. Even increasing
the reaction time (4 h) and doubling the catalyst loading (~0.2 g) for the latter, the highest ester
yields achieved were only 26% for B-N-3/120 and 20% for P-N-3/80. Meanwhile, PC-TPA and
P-S-3 resulted, respectively, in 41% and 18% of ester yield in a shorter time (90 min) with half

catalyst loading (~0.1 g).
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The catalyst P-S-3 had a similar performance to Amberlyst-15 at the same reaction conditions, and
according to the error analysis, the activation energies of both these catalysts were within
experimental error. By decreasing the standard deviation of GC analysis, the relative experimental
error was reduced to less than = 5%, which decreased the absolute error of ester yield to the range
of £ 0.1 - 1.5%, depending on the conversion results. For example, PC-TPA ester yield was equal

t0 40.7 £ 1.5%, while for P-N-3 was 3.6 + 0.1%.

Besides the difficulties in measuring intrinsic kinetic data (described in Section 4.3.5), the
determination of true active sites for petcoke-derived catalysts also impacts the reliability of
activity results in terms of turnover frequency. Also, the catalytic activity in terms of ester yield
was not completely correlated to the strong acidity of materials. Other properties may also affect
the interaction of active sites and reactants, including the concentration of weak acid sites and the

strength of Bransted acid sites.

The leaching test illustrated that most active species leached from the surface of the P-S-3 catalyst
to the methanol solution, and so this catalyst could not be reused. PC-TPA had a similar behavior
during the leaching experiment, with slightly superior stability. The carbon structure and chemical
environment seem to affect the catalyst stability. Thus, a strong attachment to the petcoke surface

is required for the stability of active sites.
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Chapter Six: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This thesis aimed to evaluate the performance of petcoke-derived catalysts for an esterification
reaction. The potential application of petcoke for the fabrication of solid acid catalysts was
demonstrated by the good catalytic performance of some samples. A petcoke sample
functionalized with 12-tungstophosphoric acid resulted in double ester yield (41%) and reaction
rate (5.8 x 10® mol/mL-min) than Amberlyst-15 at the same reaction conditions (20%, 2.5 x
10® mol/mL-min). On the other hand, a sulfonated sample, P-S-3, showed a greater performance
in terms of turnover frequency (> 14x) than the commercial catalyst. The determined activation
energies in the range 40 - 60 °C were 42.1 + 6.8 kJ/mol for P-S-3 and 48.3 £ 1.5 kJ/mol for

Amberlyst-15.

Despite the different treatments for functionalizing the petcoke, chemical stability was not
achieved for the active sites on the petcoke surface. All materials, including the commercial
catalyst, suffered from leaching of active phases to methanol, which prevents their reuse, as
supposed for solid catalysts. This concern, however, has become often widely reported for many
new heterogeneous catalysts, especially the lixiviation of sulfonic groups from solid acid catalysts

during esterification reactions, which requires more research on catalyst design.

Many challenges were addressed throughout this study. First, the reactor setup was improved to
minimize the errors during the reaction and sampling, while the method was enhanced to analyze
the reaction progress. The relative uncertainty of the GC analysis was significantly reduced to
+ 1.0%, which reduced the absolute error associated with the ester yield quantification to the range

of £ 0.1 - 1.5%, depending on the conversion. Secondly, the conditions for ensuring that the
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intrinsic reaction rate (kinetically controlled rather than diffusion controlled) was measured were

established.

Thirdly, a proper method for the determination of active sites was chosen. Titration is not a reliable
method for determining the concentration of functional groups on the petcoke surface. This
technique overestimates the acidity of sulfonic groups due to the presence of other acidic groups.
On the other hand, the XPS technique was more reliable for determining the sulfonic group
concentration, since the analysis is based on the sulfur elemental content. This technique may
undercount the sulfonic group concentration inside the pores, although they might not contribute

significantly to the reaction due to the small pore size (< 0.8 nm) of some samples.

While TOF provides a comprehensive approach to compare catalysts based on the available
intrinsic rate, turnover frequency values cannot be inferred as true site activities. Therefore, it
should be acknowledged that even though all acid sites count for the TOF calculation, many of
them might not be active and accessible for reaction. The inaccuracy in the active site
determination is probably the main reason why so few studies report esterification results in terms
of turnover frequency. Moreover, the leaching of active sites leads to homogeneous catalysis,

further making it difficult to calculate the turnover frequency values.

The determination of turnover frequencies highlighted that not only the strong acidity influences
the activity. Strength (weak, intermediate, or strong), nature (Brensted or Lewis acid sites), and
location of active phases on the catalyst surface also play an important role in the catalytic
performance. Therefore, the concentration of active sites influences the activity significantly, but
other parameters, such as the strength of active sites, may also affect the catalytic performance of

petcoke-derived catalysts.
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A balance in the surface hydrophobicity/hydrophilicity should be achieved to improve the
heterogeneous catalytic activity and stability. The surface hydrophobicity decreases the water
adsorption and consequently enhances the selective adsorption of oily hydrophobic molecules,
increasing the catalytic activity. Nonetheless, hydrophobicity does not prevent deactivation by
leaching of actives sites that are now less stable on the surface. Meanwhile, hydrophilicity might
help stabilize the sulfonic groups on the catalyst surface. Additionally, the hydrophilic nature of
acid sites increases the solubility in methanol of active sites not strongly bonded to the surface.
Therefore, a strong attachment of the active sites on the petcoke surface is required for more stable

materials in polar media.

Catalytic properties — selectivity, activity, and stability — must be considered together as they
express the usefulness of a catalyst for an industrial application. Overall, this study was effective
in providing information on those characteristics. The selectivity of the esterification of octanoic
acid with methanol was 100% towards the formation of the methyl octanoate product, as no

byproducts were observed by GC analysis.

6.2 Recommendations

Besides the concentration of functional groups, more characterization of petcoke-derived catalysts
is suggested regarding the strength distribution and nature of active sites (Brgnsted / Lewis), which
would lead to a better understanding of the influence of acidity on the activity. In this regard, the
technique pyridine-DRIFTS (Diffuse Reflectance Infrared Fourier Transform Spectroscopy) could
be useful for bringing more information. Improvement on the pore size distribution is also

recommended, as the reaction may suffer transfer limitations due to the poor access of reactant
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molecules to the active sites inside the microporous. An interconnected mesoporous system

minimizes diffusional effects of medium/long-chain reactant molecules [53].

More studies are necessary on the rational design of catalysts to reduce the deactivation
mechanisms. The adequate structural properties to avoid leaching of active sites may be achieved
by catalyst synthesis methods at high temperatures [141], although it possibly results in lower
catalytic activity [77], [134]. In this case, the trade-offs should be negotiated. Modifications on the
catalyst by the addition of promoters may also improve the stability [139]. Based on the leaching
results of PC-TPA, investigation of other functional groups with a different interaction and
possibly a stronger attachment to the petcoke surface is also recommended. Methanol recovered
in yellow color during the leaching experiment with P-N-3 also suggested that different species
might be leaching from the petcoke surface. Therefore, the analysis of solution by UV-Vis
(ultraviolet-visible) spectroscopy would provide information on which functional groups are
leaching to methanol. Besides the leaching of active phases, water adsorption also decreases the
activity of catalytic protons throughout the reaction. The development of catalysts with more
hydrophobic surfaces, e.g., by the incorporation of surfactants [142], would prevent the

deactivation of catalytic sites by excluding polar molecules [53].

In addition to the effect on activity, water favors the reverse hydrolysis reaction inhibiting the
esterification of carboxylic acid [149]. Oliveira et al. reported water removal as a more efficient
way to achieve high ester yields than excess alcohol [150]. Therefore, investigation of catalytic
performance is also recommended with water removal. Several studies reported the use of
molecular sieves for this purpose [97], [110], [150], [151]. Lucena et al. describe an effective
apparatus for water adsorption, which embraces a column connected on top of the reactor,

consisting of a riser section (for water and methanol evaporation) and a downer section filled with
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the zeolite 3A (for condensate return and water adsorption) [152], [153]. Zeolite Type 3A
(3 angstroms) is a selective adsorbent for water removal, considering the critical diameter of the

water molecule, excluding the methanol adsorption [154].
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APPENDIX A: SUPPLEMENTARY INFORMATION FOR CHAPTER 4

GC Response
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Figure A-1. GC analysis using the column DB-FATWAX Ul for a sample of the model reaction
(esterification of octanoic acid with methanol using dodecane as the internal standard) at around
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Figure A-2. Results of acid conversion analyzed by GC columns HP-5 and DB-FATWAX U,
reactions with Amberlyst-15 at same conditions (60 °C, 600 rpm, 4 h, catalyst loading of 5 wt%)
and methanol-to-acid ratio equal to 40:1 or 20:1.
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Mass Transfer Limitations

External Mass Transfer Limitation
To confirm the absence of external transfer limitation using catalyst loading of 2 wt%, Mears
Criterion (MR) was also applied [90], Equation 31. When MR < 0.15, the same concentration in
the bulk solution and external surface of the catalyst is expected, which means that no limitations
due to external mass transfer exist.

!
T APcTpN

< 0.15 31
chAO

MR =

where —r'4 is the reaction rate per unit mass of catalyst (mol/g-cat-s); p. is the density of catalyst
(9/mL); 7, is the catalyst particle radius (m); n is the reaction order (assumed as 1); k. is the mass
transfer coefficient (m/s); C,, is the bulk reactant concentration (mol/mL) at the beginning of the
reaction (octanoic acid, in this case). Experimental results are still necessary for this analysis since

the Mears criterion depends on the observed reaction rate at a specific stirring speed.

The mass transfer coefficient (k) necessary for Equation 31, was estimated by Dwidevi-Upadhyay
mass transfer correlation [155], Equation 32, which is adequate for small particles with diameter

< 0.6 mm, suspended in agitated liquids.

2D 2 /A 1/3
ke = =2+ 031N, (ﬂj‘% 32
» p3

where D, is the diffusivity of the limiting reactant (octanoic acid) in the solvent (methanol)

Uc Apls

(m?/s); d,, is the diameter of the catalyst (m); Ny is the Schmidt number, defined as Py
cVAB
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the absolute differential density of the catalyst and solution (kg/m?®); u is the viscosity of the

solution (Pa-s); g is the gravitational acceleration (m/s?); and p, is the density of solution (kg/m?).

Likewise, an appropriate expression for the diffusivity of octanoic acid in methanol (D,z) must be
chosen. Being a liquid dilute solute (< 10 mol%) in a non-aqueous solvent, the expression of King,

Hsueh, and Mao applies correctly [156], Equation 33,

T (Vg (AHW 5\’
Dyn = 4.4 X 10—8—(—) L 33
48 Up \Vy AHvap,A

where T is the system temperature (K); ug is the viscosity of solvent (methanol) (Pa-s); V; is the
molar volume of component i (octanoic acid or methanol) at normal boiling point (m*/kmol);

AH,qp ; is the enthalpy of vaporization of those components at normal boiling point (J/kmol).

Functionalized petcoke P-N-3 was chosen as a reference for petcoke-derived catalysts. Data used
to calculate the parameters given by Equations 31 - 33 for both Amberlyst-15 and P-N-3 catalysts
are presented in Table A-1 and Table A-2. Due to the lack of data in the literature at specific
conditions of temperature (normal boiling point of compounds and reaction temperature), some
parameters were simulated by Aspen Properties. The thermodynamic model chosen was
UNIQUAC — Hayden-O’Connell, a good predictive model for strongly nonideal liquid solutions
(combination of polar and non-polar compounds) and liquid-liquid equilibria [132]. Additional
parameters were the system temperature at reaction condition of 60 °C and gravitational

acceleration equal to 9.81 m/s?.
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Table A-1. Physico-chemical properties of methanol, octanoic acid, and mixture of reagents at

reaction conditions for calculation of diffusivity and mass transfer coefficient.

Properties Reference
Viscosity of methanol at 60 °C, ug (Pa-s) 3.60 x 10 Aspen
Molar volume of methanol at 64.7 °C, Vz (cm®/mol) 42.5 [157]
Molar volume of octanoic acid at 237 °C, V, (cm3/mol) 19.9 Aspen
Heat of vaporization of methanol, AH,, 5 (J/kmol) 3.52 x 10’ [158]
Heat of vaporization of octanoic acid, AH,4;, 4 (J/kmol) 5.38 x 10’ Aspen
Viscosity of solution at 60 °C, u, (Pa-s) 3.93x10* Aspen
Density of solution at 60 °C, p (g/mL) 0.776 Aspen
Initial concentration of octanoic acid in solution, 1.0 x 10° Calculated

Cao (Mol/mL)

Particle sizes of catalysts were measured in the laboratory using a set of stainless-steel standard

sieves (W.S. Tyler, ON, Canada). The reaction rates corresponded to experiments at the following

conditions: 60 °C, 600 rpm, methanol-to-acid ratio of 20:1, and catalyst loading of 2 wt% (0.1 g),

using data below 10% conversion.

Table A-2. Physical properties for the catalysts Amberlyst-15 and P-N-3, and initial rate of reaction
(at 60 °C, 600 rpm, methanol-to-acid ratio of 20:1, catalyst loading of 2 wt%) catalyzed by these
materials for calculation of mass transfer coefficient and Mears criterion.

Properties Reference
Amberlyst-15
Density, p, (kg/m?) 1410 [159]
Particle size, d,, (m) 5.0x 10 Measured
Reaction rate, —r', (mol/g-cat-s) 1.3x10° Measured
Functionalized Petcoke, P-N-3
Density, p, (kg/m®) 2110 [160]
Particle size, d,, (m) <5.0x10° Measured
Reaction rate, —r', (mol/g-cat-s) 1.9x10° Measured
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The diffusivity of octanoic acid in methanol, the mass transfer coefficient, and the Mears criterion
are presented in Table A-3.
Table A-3. Calculated parameters to evaluate the existence of external mass transfer limitation in

reactions catalyzed by Amberlyst-15 and P-N-3 at 60 °C, 600 rpm, methanol-to-acid ratio of 20:1,
catalyst loading of 2 wt%.

Parameter Amberlyst-15 P-N-3
Diffusivity of octanoic acid, D,z (m?/s) 25x10° 25x10°
Mass transfer coefficient, k. (m/s) 1.6 x 10* 2.9x10*
Mears criterion, MR 0.029 <0.001

Mears criterion was satisfied for both catalysts (MR< 0.15), meaning no external mass transfer
limitation should be present in the reaction system. Calculating for the P-S-3 sample, the Mears
criterion resulted in 0.003, which was also satisfied. This way, no external mass transfer limitation

was assumed for the reactions at 60 °C catalyzed by Amberlyst-15 and functionalized petcoke.

The same calculation using the appropriate reaction rates at 60 °C for the masses of 0.2 g
(4.5 wt%) resulted in values equal to 0.027 and 3 x 10 for Amberlyst-15 and P-N-3, respectively.
The Mears criterion was again satisfied, contradicting the behavior observed in Table 4-5 of

diffusion limitation using a loading of 4.5 wt% for Amberlyst-15.

Internal Mass Transfer Limitation

For first-order reactions, the internal-diffusion-limited reaction rate is given by Equation 34, which

is proportional, among other parameters, to the catalyst particle size, —r, « di, when internal
14

diffusion prevails.
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P

where —7, is the volumetric rate of reaction (mol/mL-s); 7, is the catalyst particle radius (m); D s
is the effective diffusivity inside the catalyst particle (m?/s); k, is the rate constant of the forward
reaction (mint); and C,, is the bulk reactant concentration (mol/mL) at the beginning of the
reaction. Therefore, a common practice in the literature [11], [15] is reporting the test of reactions
at identical conditions, just separating the particles according to their different particle sizes
(diameters). Nevertheless, those tests were not possible in this study since the catalysts employed

have a narrow range of particle size, e.g., for P-N-3, d,, <50 pm.

Another preferable approach taken by many kinetic studies [67], [91], [161], [162] is the
calculation of Weisz-Prater criterion (WP). This parameter, according to Equation 35, considers
that the Thiele modulus (¢) and the effectiveness factor (r7) are both related to internal diffusion
behavior.

WP =¢’n<1 35

Large Thiele modulus values are commonly associated with internal diffusion limitations;
meanwhile, for small values, the surface reaction is usually the limiting step [90]. The effectiveness
factor (r7), ranging from O to 1, is a measurement between the actual overall rate of reaction and
the expected rate if the entire inner surface was exposed to the external conditions of temperature
and concentration [90]. Therefore, in the absence of diffusion limitations, this value is expected to

be r7 > 0.95.

However, as long as it is difficult to estimate with accuracy the effectiveness factor r, the Weisz-
Prater criterion based only on measurable quantities is a more practical parameter [163], Equation

115



36. When WP < 1, there is no concentration gradient within the particle, and no limitations of
internal mass transfer exist.

—TaTy*

WP = <1 36

DefrCyao

where —7, is the volumetric rate of reaction (mol/mL:s); r, is the catalyst particle radius (cm);
D,y is the effective diffusivity inside the catalyst particle (cm?/s); and Cyq is the bulk reactant

concentration (mol/mL) at the beginning of the reaction.

Some parameters necessary for Equation 36 are already known from the calculation of external
mass transfer limitation. For calculating the effective diffusivity, there are some expressions in the
literature, like the one proposed by Ternan [164] for the diffusion of liquids inside pores, Equation
37.

(1-»?

Derr = Das T pr o

where D is the effective diffusivity inside the catalyst particle (cm?/s); D,p is the diffusivity of
octanoic acid in methanol (cm?/s); and A is the ratio ‘radius of solute molecule (nm)’/*pore radius
(nm)’. The parameter P has values in the range [2-16] fitted by empirical data of several catalysts.
In this calculation, a value of 2 was a good approximation for small values of A and solvents of
low viscosity [164]. The value of 16 was also tested in the calculation, not affecting the final result

much.

Data used to calculate the effective diffusivity are presented in Table A-4. The radius of the solute
molecule (octanoic acid) was not found in the literature. Therefore, the value presented in

Table A-4 is an estimation based on work developed by Jiménez-Cruz & Laredo [165]. They
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reported the kinetic molecular diameter of isooctane as 6.547 A, considering the mean between
width and height of the molecule. According to Webster et al., this value is the effective minimum
dimension of the molecule to access pores [166]. Another reference reported the isooctane
diameter as 6.2 A [167]. As long as the carboxylic group is a bit more voluminous than the
paraffinic chain, the value 7.0 A was used as an estimation for the octanoic acid diameter. The
pore radius of Amberlyst-15 was taken from a study made by Ziyang et al. [168]. The pore radius
of functionalized petcoke was considered as the higher value presented by Huang et al. [112],

resulting in the largest estimation for the Weisz-Prater criterion.

Table A-4. Physical properties of catalysts Amberlyst-15 and P-N-3 and diffusivity parameter for
calculation of effective diffusivity of reagents inside these materials.

Parameter Amberlyst-15 P-N-3
Diffusivity of octanoic acid, D5z (cm?/s) 25x10° 25x10°
Radius of solute molecule (hm) 0.35 0.35

Pore radius (nm) 12 [168] 0.40 [112]
Ratio ‘solute radius’/‘pore radius’, A 0.029 0.875
Effective diffusivity, D,r; (cm%s) 1.6 x 10 2.7x10°

Values used for the calculation of the Weisz-Prater criterion are listed in Table A-5. Some
parameters, such as the reaction rate, particle radius, and initial concentration of octanoic acid in

solution, were taken from the previous analysis and tables.
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Table A-5. Calculated parameters to evaluate the existence of internal mass transfer limitation in
reactions catalyzed by Amberlyst-15 and P-N-3 at 60 °C, 600 rpm, methanol-to-acid ratio of 40:1,
catalyst loading of 2 wt%, through the Weisz-Prater criterion.

Parameter Amberlyst-15 P-N-3
Volumetric rate of reaction, —r, (mol/mL-s) 42x10% 6.2 x 10°
Particle radius, r,, (cm) 2.5x 10?2 25x103
lr;:ﬂgloi?rgin:?gsrng octanoic acid in 1.0 x 10 1.0 x 10
Effective diffusivity, D.¢s (cm?/s) 1.6 x 10° 2.7x10°%
Weisz-Prater criterion, WP 0.002 0.002

In conclusion, the Weisz-Prater criterion was satisfied for both catalysts (WP < 1). For P-S-3, the
calculation resulted in a value equal to 0.012, satisfying the Weisz-Prater criterion as well.
Therefore, internal mass transfer limitations should not be present for the experimental conditions
tested, and the experiments were assumed to be in the kinetic region at 60 °C. Nevertheless, many
parameters were estimated with uncertainties as for the calculation of external mass transfer
resistance. Thus, these results should be accepted with caution, especially because the pore size of
the petcoke samples is not significantly larger than the estimated diameter of the octanoic acid
molecule. On the other hand, the small pore size of those petcoke samples might infer that the
“true” active sites for reaction are mostly on the external surface of the catalyst, not suffering

diffusion limitation.
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Table A-6. Simulated values for Gibbs free energy and enthalpy of formation of reaction
compounds using UNIQUAC — Hayden-O’Connell model in Aspen Plus®.

Temperature Gibbs Free Energy of Formation (kJ/mol)

(°C) Octanoic Acid Methanol Methyl Octanoate Water
25 -354.4 -166.8 -300.9 -237.2
60 -322.1 -158.4 -266.9 -231.6
80 -304.2 -153.7 -248.0 -228.5
100 -286.6 -149.1 -229.5 -225.5
120 -269.4 -144.6 -211.3 -222.6
140 -252.6 -140.2 -1934 -219.8
160 -236.2 -135.8 -175.9 -217.0
180 -220.1 -131.5 -158.7 -214.2
200 -204.3 -127.2 -141.8 -211.5

Temperature Enthalpy of Formation (kJ/mol)

(°C) Octanoic Acid Methanol Methyl Octanoate Water
25 -634.6 -238.4 -595.7 -285.8
60 -622.8 -234.9 -585.3 -283.2
80 -615.9 -232.6 -579.0 -281.6
100 -608.7 -230.1 -572.4 -280.0
120 -601.4 -227.4 -565.4 -278.3
140 -593.9 -224.4 -558.1 -276.6
160 -586.2 -221.1 -550.5 -274.7
180 -578.4 -217.5 -542.6 -272.8
200 -570.3 -213.3 -534.2 -270.8
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APPENDIX B: SUPPLEMENTARY INFORMATION FOR CHAPTER 5

Strong Acidity of Amberlyst-15

Amberlyst-15 is a strongly acidic material: a macroreticular resin with -SOzH species attached to
its surface. The strong acidity of Amberlyst-15 was questionable using the standard procedure
described in Section 3.2.5, since it is a specific parameter for the calculation of catalytic activity.
Thereby, the titration method was modified for Amberlyst-15 to provide an adequate exchange
procedure with excess ions. Table B-1 shows the strong acidity values determined for different
NaCl solution concentrations employing Equation 15. The NaCl solution volume for the ion
exchange was kept constant as 5 mL, except in the last analysis. The equivalent mass of catalyst
in solution was the mass used for ion exchange divided by the dilution volume (5 or 10 parts). The

NaCl solution was standardized with KHP (potassium hydrogen phthalate) before the titrations.

% xC
[H+] — NaOH NaOH 15
Mec,eq

Table B-1. Experiment results for the determination of strong acidity of Amberlyst-15 by the ion-
exchange titration method.

Cnaci CNaon VNaon1  Vnaonz  Viaongs Mgy [H] s
(Molarity) (Molarity) (mL) (mL) (mL) 9) (mmol/g) (mmol/g)

0.1 0.005 12.10 12.10 12.25 0.02 3.01 0.02
0.2 0.005 14.45 14.45 14.40 0.02 3.58 0.00
0.4 0.005 16.30 16.40 16.30 0.02 4.02 0.01
1.0 0.010 8.95 8.95 9.00 0.02 4.42 0.01
2.0 0.010 9.35 9.20 9.28 0.02 4.62 0.02
2.0* 0.010 4.85 4.87 4.82 0.01 4.70 0.00

* Using 10 mL of solution instead of 5 mL.
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Therefore, the strong acidity of Amberlyst-15 was determined as 4.70 mmol/g. This result is in
agreement with other studies [169], [170]. Moreover, the total exchange capacity of Amberlyst-15

reported by the manufacturer is 4.70 eq/kg [171].
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Figure B-1. Residual plots of the fitted curves for determination of activation energy of the
model reaction catalyzed by Amberlyst-15 in the range of 40 - 60 °C; using a) linearized and b)
exponential Arrhenius equation.

0.1+

0.0

014

Regular Residual of"In K"

0.2

T T T T T
0.00300 000305 0.00310 0.002315 0.00320
Independent Variable

Figure B-2. Residual plot of the fitted curve for determination of activation energy of the model
reaction catalyzed by P-S-3 in the range of 40 - 60 °C; using linearized Arrhenius equation.
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