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ABSTRACT

Alkylpyridine N-oxides are important intermediates in the pharmaceutical industry. The
N-oxides are produced via the homogeneously catalyzed N-oxidation of the respective
alkylpyridines using hydrogen peroxide as the oxidizing agent and phosphotungstic acid
as the catalyst. The N-oxidation is accompanied by the undesired, condition-dependent
decomposition of hydrogen peroxide. A runaway of this reaction may result in a rapid
generation of oxygen and temperature rise in the alkylpyridine flammable environment,
with the additional potential to overpressurize the reaction vessel and/or trigger
secondary decompositions of the product. The decomposition of hydrogen peroxide is
exacerbated during the N-oxidation of higher order alkylpyridines due to the mass
transfer resistance caused by the formation of an organic phase and an aqueous phase.
The water-soluble catalyst promotes severe decomposition of hydrogen peroxide,

jeopardizing the safety of the process, and reducing its efficiency.

This research focused on the development of a more efficient and inherently safer
process for the N-oxidation of alkylpyridines. Isothermal calorimetry, incorporating a
factorial design of experiments (DOE), was used to study operating conditions that
minimize the decomposition of hydrogen peroxide. Adiabatic calorimetry was used to
study the thermal stability of alkylpyridines and their N-oxides. The compounds studied
in this work included 3-picoline, 3,5-lutidine, 2,6-lutidine and 2,4,6-collidine, and their
corresponding N-oxides. In addition, this research evaluated the use of in-situ FTIR

spectroscopy to monitor this reaction system.

Thermal stability analyses showed that the alkylpyridines studied are stable up to 400
°C, while the corresponding N-oxides decompose significantly above 230 °C. The
factorial DOE revealed that the conversion of 3-picoline is most influenced by the

interaction between the factors catalyst mass and dosing rate. Conversions of 3-picoline



and 3,5-lutidine obtained were as high as 98% and 95%, respectively, using only a
stoichiometric amount of hydrogen peroxide. Significant decomposition was observed
during the N-oxidation of 2,6-lutidine and 2,4,6-collidine. Knowledge acquired on the
N-oxidation of alkylpyridines indicates that reaction efficiency, selectivity and safety can
be greatly improved a) by increasing the operating temperature and using a system
working under pressure, and b) in the case of the higher order alkylpyridines, by

avoiding operating conditions where a heterogeneous mixture is formed.
This work demonstrates the complexity and the multiple studies required for the design

of inherently safer reactive processes and it can serve as a model for similar studies on

different complex reactions and in the development of inherently safer reactor design.
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1. INTRODUCTION’

Many processes in the pharmaceutical, fine chemicals, and agrochemical industries
involve hazardous chemicals for which the knowledge of their chemistry,
thermochemistry, and thermodynamic properties is very limited. In addition, due to the
wide variety of chemicals and reactions employed, as well as time and economic
constraints, the reaction kinetics are usually not determined. Therefore, this type of
application relies on empirically designed multipurpose batch and semi-batch reactors, in
which a runaway scenario is more likely to occur.™ 2 This is because not only are the
systems of reactions usually complex and have strong non-linear dynamics, but these
types of reactors (i.e., batch and semi-batch) also have more human intervention, and
thus are more prone to human error.? There are many situations that can upset the
process and cause a rapid increase in temperature, leading to a runaway reaction,
including poor temperature control, presence of impurities, stirring or cooling failure,
incorrect or wrong order of recipes, and inadequate operational procedures.®* Moreover,
the negative environmental impact of these empirically designed batch-reactor processes

is very high since the ratio of byproducts to desired product is very high.’

In 1989, Barton and Nolan® published a study on incidents occurred in batch reactors.
The study revealed a “lack of understanding of the process carried out” as one of the
main causes of incidents. The U.S. Chemical Safety and Hazard Investigation Board
(CSB) also conducted a study on incidents involving uncontrolled chemical reactivity in
the United States.” The CSB study showed that inadequate knowledge of the systems
and inadequate hazard identification are still among the main causes of incidents

involving reactive chemicals.

" Part of this section is reprinted with permission from “Toward an inherently safer design and operation
of batch and semi-batch processes: The N-oxidation of alkylpyridines” by A. Pineda-Solano, L.R. Saenz,
V. Carreto, M. Papadaki and M. S. Mannan, 2012. Journal of Loss Prevention in the Process Industries,
25, 797-802, Copyright [2012] by Elsevier.



After the CSB study, many other accidents related to chemical reactivity have
occurred.®™ Therefore, it is essential to investigate carefully and understand the hazards
related to chemical processes in order to prevent process safety incidents, which can
severely impact people, the environment, and the company. The best way to prevent
incidents is through the implementation of alternatives that eliminate or reduce the
hazards in the process rather than control them; these are called inherently safer
alternatives. By applying inherently safer alternatives, safe conditions can be maintained
in the process, even if an abnormality occurs. Incidents that have had a worldwide
impact, such as the Bhopal incident in 1984,'* highlight the importance of these
alternatives and the potential catastrophic consequences that can result when their

application is not seriously considered.

In order to apply inherent safety concepts in the reactive chemicals field, it is important
to understand the hazards associated with a particular material or process.>*® There are
multiple screening techniques and empirical methods to evaluate chemical reactivity
hazards.’*# For simple processes, these methods offer a rapid alternative to identify
process hazards. However, complex reaction systems require a more thorough
understanding of the process under different conditions. To provide an example of
complex reaction systems in semi-batch processes, the N-oxidation of alkylpyridine is
used as the subject of this study.

The N-oxidation of alkylpyridines is a homogeneously catalyzed reaction, where an
aqueous solution of hydrogen peroxide in excess is used as the oxidizing agent and
phosphotungstic acid acts as the catalyst. The N-oxidation is accompanied by the
undesired, condition-dependent decomposition of hydrogen peroxide. A runaway of this
reaction may result in a rapid generation of oxygen and temperature rise in the
alkylpyridine flammable environment with the additional potential to overpressurize the
reaction vessel and/or trigger secondary decompositions of the product. The

decomposition of hydrogen peroxide is exacerbated during the N-oxidation of higher



order alkylpyridines due to the mass transfer resistance caused by the formation of an
organic phase and an aqueous phase. The water-soluble catalyst promotes the severe
decomposition of hydrogen peroxide, jeopardizing the safety of the process, and
reducing its efficiency.

The N-oxide production is based on a good study of the underlying chemistry in a
chemist’s laboratory. However, this is not sufficient for the industrial process, as
efficiency, safety, and environmental issues, which are very important for the chemical
engineer, also need to be considered.?? The N-oxidation of alkylpyridines will be used as
a case study to illustrate how an adequate process design can integrate high efficiency,
low environmental impact, and inherent safety principles during the development of new
process technologies. This reaction itself is of great interest for the pharmaceutical
industry and it employs hydrogen peroxide, which is a widely spread industrial oxidizer.
Thus, many of the hazards related to this reaction system are typical of other batch
processes, so the approach used in this study can be incorporated in the design of other
systems involving batch reactions.

1.1 Dissertation Outline

The remaining of Section 1 describes the main properties and uses of the reactants and
products in the N-oxidation of alkylpyridines. It also provides an overview of the typical
industrial process and outlines the hazards associated with it. A summary of previous
works on the N-oxidation of alkylpyridines is also included in Section 1. Finally, the
strategies to achieve an inherently safer design are described, and the importance of

reaction calorimetry as a tool for process design is discussed.

Section 2 defines the research problem and describes the objectives of this work. Section
3 explains the methodology, equipment and procedures used to fulfill the objectives.



Sections 4 to 7 are dedicated to the discussion of results obtained from experiments
performed and summarize the knowledge acquired through this research. Section 4
presents the results from the thermal stability study of several alkylpyridines and their N-
oxides. Section 5 is dedicated to the N-oxidation of 3-picoline; this section discusses the
results from the factorial design of experiments (DOE) and summarizes the reaction
parameters obtained such as heat of reaction and power output. Section 6 discusses the
results from calorimetric experiments with higher order alkylpyridines (3,5-lutidine, 2,6-
lutidine and 2,4,6-collidine). Section 7 evaluates the use of in-situ Fourier Transform
Infrared (FTIR) spectroscopy to monitor the N-oxidation of alkylpyridines and describes

the advantages and disadvantages of this technique.

Section 8 proposes alternatives to achieve an inherently safer process for the N-oxidation
of alkylpyridines based on the results obtained in this and previous works. Finally,
Section 9 summarizes the main findings of the work presented in this dissertation and

outlines the opportunities to continue this research.
1.2 Alkylpyridines and Their N-oxides — Properties and Uses

Alkylpyridines are considered specialty chemicals, mostly used as chemical
intermediates in the manufacture of final consumer products.?® These compounds can be
readily found in nature as constituents of alkaloids, vitamins, and coenzymes.?* Due to
their bioactivity, some of the major applications of alkypyridines are in the
pharmaceutical industry for the fabrication of medical drugs and feed supplements, and
in the agricultural industry for the fabrication of herbicides, fungicides, pesticides, and
plant growth regulators.”® 2* Other uses include solvents and reagents, chemicals for

polymers, and within the textile industries.?*

The alkylpyridines are heterocyclic, aromatic compounds similar in structure to benzene

but with a ring-carbon substituted with a nitrogen atom and one or more alkyl



substituents.?* 2 Methylpyridines are commonly called picolines, dimethylpyridines are
called lutidines, and trimethylpyridines are called collidines. Figure 1 shows examples of

3

commercially important alkylpyridines;?* alkylpyridines (b) through (e) have been

studied in this work.
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Figure 1. Commercially important alkylpyridines. (a) 2-picoline, (b) 3-picoline, (c) 2,6-lutidine,
(d) 3,5-lutidine, (e) 2,4,6-collidine, and (f) 5-ethyl-2-methylpyridine.

Table 1. Physical properties of some commercially important alkylpyridines® %

Substance Molecular weight ~ d2° Normal boiling point Flash point
(g/mole) (g/ml) (°C) (°C)
2-picoline 93.1 0.945 129.4 27
3-picoline 93.1 0.956 144.1 38
2,6-lutidine 107.2 0.924 1445 37
3,5-lutidine 107.2 0.944 171.9 53
2,4,6-collidine 121.2 0.913 170.4 58




Alkylpyridines are stable compounds, slightly alkaline,® and have relatively low
reactivity.”® Lower order alkylpyridines (picolines) are miscible with water, while
mixtures of higher order alkylpyridines and water present two phases under certain
conditions. Table 1 shows some of the physical properties of the alkylpyridines
mentioned above. As seen in Table 1, alkylpyridines have low flash points, for which
they are considered flammable compounds under the Globally Harmonized System
(GHS). In addition, these compounds are toxic in contact with skin, harmful if

swallowed or inhaled and cause skin and eye irritation.?”>°

Alkylpyridines N-oxides are particularly useful due to their rich chemistry. Owing to the
increased and versatile reactivity provided by the N-oxide function,? alkylpyridine N-
oxides facilitate the synthesis of some compounds which are more difficult to obtain
directly from alkylpyridines.?* Similarly to the alkylpyridines, the N-oxides are also

widely used in the pharmaceutical industry.

1.3 Hydrogen Peroxide — Properties and Uses

Hydrogen peroxide is a clear, colorless liquid with a sharp odor; its chemical formula is
H20,, and its molecular weight is 34.02 g/mol. Table 2 shows some physico-chemical
properties of hydrogen peroxide at different concentrations. Hydrogen peroxide is
miscible in water in all proportions. It is typically used in aqueous solutions of
concentrations no higher than 70 wt. %. Pure hydrogen peroxide (100 wt. %) is not

produced at industrial scale and it is usually of interest for academic purposes only.**

Hydrogen peroxide is a strong oxidizer and can react with a variety of organic and
inorganic compounds. However, it can also act as a reducing agent for strong oxidizers.
Because of its dual properties as an oxidizing and reducing agent, hydrogen peroxide is
used in a wide range of applications. In addition, as the only liquid by-product from its



use is water, hydrogen peroxide is considered a clean oxidizer, and it is ideal for

chemical synthesis where by-products are undesired.

Table 2. Physico-chemical properties of aqueous solutions of hydrogen peroxide at different
concentrations

Property 70% 60% 50% 35% 30%
Density* (g/ml) 1.290 1.242 1.197 1132 1.112
Liters of O, at 0 °C/760 mmHg released by liter

. 298 246 197 130 110
of H,0, at 20 °C
Active O, content’, % 32.8 28.2 235 164 141
Boiling point at 1 atm', °C 125 119 114 108 106
*Source: ™
"Source:*

The most common application of hydrogen peroxide is in pulp and paper bleaching,
where its use has grown mostly due to stricter environmental legislation. Other uses
include chemical purification and hydrometallurgy and metal finishing, in which
hydrogen peroxide has also had increased used due to interests in environmental

issues. 3t 32 %

Due to the weakness of the peroxide bond (—O-O-), hydrogen peroxide decomposes

easily. The decomposition reaction is exothermic and occurs according to the following

chemical equation:
1
H202 - EOZ + Hzo AHan = —983 k]/mOIe

The decomposition of hydrogen peroxide is condition dependent and at standard
conditions it releases approximately 100 kJ per mole of hydrogen peroxide reacted.®" %




The reaction is highly sensitive to pH, temperature, and impurities, in particular to

metals such as iron, chromium, manganese, nickel and zinc.*

Due to its instability, commercial solutions of hydrogen peroxide contain stabilizers,
which maintain the rate of decomposition well below 1% a year. However, a large
amount of hydrogen peroxide can evolve an amount of oxygen that is sufficient to
pressurize sealed equipment or create an oxygen-rich atmosphere in the vapor space of

the container vessel.*®

Multiple accidents involving hydrogen peroxide have occurred.®”** The typical causes of
incidents are associated with the exothermic, gas-generating decomposition of hydrogen
peroxide and with its instability, as it reacts violently with organic compounds under
certain conditions.®" *® Moreover, the oxygen generated during the decomposition can

form a hazardous environment, particularly, in the presence of flammable compounds.

Due to the high reactivity of hydrogen peroxide, and its condition dependent
decomposition, it is necessary to study the decomposition simultaneously with the
synthesis reaction in order to have an adequate evaluation of the hazards involved in the

process.
1.4 Phosphotungstic Acid — Properties and Uses

Phosphotungstic acid, also called tungstophosphoric acid hydrate, is a heteropolyacid
(HPA) with chemical formula [H3PWi1,040]-nH.0.* It has a Keggin-type structure,
which means that it is constituted by heteropolyanions of formula [XM1,04]", where M,
the polytatoms, are tungsten (W), and X, the central atom or heteroatom, is phosphorus
(P).** * The structure of phosphotungstic acid consists of a central tetrahedral PO,
surrounded by 12 octahedral WOg, as shown in Figure 2.*** This Keggin-type of

heteropolyacid is widely used due to their commercial availability and thermal stability;



phosphotungstic acid is thermally stable up to 465 °C, temperature at which it loses all

acidic protons.*®

Figure 2. Structure of Keggin heteropolyanion [XM1,04],. For phosphotungstic acid, the central
atom is phosphorus (black ball) and the polyatoms are tungsten (grey balls); oxygen atoms are
represented by red balls. Source: **

Phosphotungstic acid is a highly selective and environmentally friendly complex metal
compound, which has increasingly found industrial applications due to its unique
physicochemical properties and environmentally friendly, or green, benefits.***®
Because of its strong Brensted acidity, the catalytic activity of phosphotungstic acid is
higher than that of conventional solid catalysts, which allows it to operate more
efficiently.® Its green benefits are associated with its high selectivity and efficiency,

which reduces the amount of waste generated.*

Phosphotungstic acid can be used as homogeneous or heterogeneous catalyst in different
reactions, including dehydration, cyclization, esterification, amine oxidation, and olefin
epoxidation, which are reactions typically employed in the production of fine chemicals,

pharmaceuticals, and fragrances.*

In the N-oxidation of alkylpyridines, phosphotungstic acid, hereafter referred as the
catalyst, has shown to be highly selective, with alkylpyridine N-oxides being the only

9



product of the reaction.** Furthermore, previous studies have suggested that
phosphotungstic acid used in the N-oxidation of alkylpyridines can potentially be

recovered and reused without decreasing its catalytic activity.*
1.5  Typical Production of Alkylpyridine N-oxides

Alkylpyridines N-oxides are obtained by oxidizing the nitrogen atom in the pyridine
ring. The N-oxidation is a homogeneously catalyzed reaction, where an aqueous solution
of hydrogen peroxide is used as the oxidizing agent and phosphotungstic acid as the

catalyst.

The industrial N-oxidation of alkylpyridines is usually carried out isothermally, in a
semi-batch mode at temperatures close to 100°C, which is the boiling point of the
mixture.* °! First, the alkylpyridine and the catalyst are loaded into the reactor and
heated up to the reaction temperature. Then, a 30 to 50% excess of an aqueous solution
of hydrogen peroxide is gradually dosed to the reactor in order to control the heat
generated. At the end of the reaction, the residual hydrogen peroxide is neutralized by
adding the appropriate chemicals.*® The reaction is performed in a reactor vented to the
atmosphere to allow the escape of oxygen produced during the reaction. An overhead
condenser is used to condensate any escaping vapors.

The N-oxidation reaction (i) occurs simultaneously with the undesired and exothermic
decomposition of hydrogen peroxide (ii), which generates oxygen. The macroscopically

observed reactions are the following:

R catalyst R
@/ + H,0, —— | + H0 ()
Z Z

N
|
)

H0, SISt w0+ HO (ii)
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1.6 Hazards Associated to the N-oxidation of Alkypyridines

The decomposition of hydrogen peroxide (ii), represents one of the major hazards of the
N-oxidation of alkylpyridines. Should a runaway reaction occur due to an abnormality in
the process (e.g., due to lack of cooling/stirring), the system behaves adiabatically and
the temperature of the reaction mass increases up to the boiling point of the mixture,
which is approximately 100 °C. The heat released by the reaction is then removed by
evaporation; the temperature remains constant until all the reactants are consumed or the
mixture has completely evaporated. However, if the disturbance occurs by the end of the
dosing period when there is a high accumulation of hydrogen peroxide, an inadequately
vented reactor might be at risk of overpressurization due to the rapid generation of

vapors and oxygen gas.

Furthermore, due to the flammable properties of the alkylpyridines and the oxygen-rich
atmosphere caused by the hydrogen peroxide decomposition, there is a significant
hazard of fire and explosion associated with this process. The temperature rise during a
runaway reaction may also trigger the decomposition of the products, further increasing
the temperature and pressure due to the generation of non-condensable gases. In the case
of the N-oxidation of 2-picoline for example, the decomposition of hydrogen peroxide
can trigger the decomposition of the product (2-picoline-N-oxide) if the temperature
reaches 200 °C.>* Moreover, it has been shown that the decomposition of 2-picoline-N-
oxide generates non-condensable gases, posing a hazard of overpressurization in the

reactor.>? >

The potential for such a runaway scenario has been demonstrated in a previous study by
Papadaki et al.>* In this study, different runaway scenarios of the excess of hydrogen
peroxide used in the N-oxidation of alkylpyridines were simulated. The study showed
that the maximum temperature attained in all the scenarios was higher than the

temperature at which the N-oxide decomposes. This finding emphasizes the need to
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minimize the decomposition of hydrogen peroxide in order to prevent a runaway

reaction during the N-oxidation of alkylpyridines.

The decomposition of hydrogen peroxide becomes more pronounced during the N-
oxidation of higher order alkylpyridines i.e., lutidines and collidines, due to the
formation of two liquid phases in the reaction mixture: an organic phase and an aqueous
phase. Because of the poor solubility of phosphotungstic acid in organic compounds,** “°
most of the catalyst remains in the aqueous phase, promoting the decomposition of
hydrogen peroxide. Thus, the phase separation not only affects the safety of the process
but also the selectivity. In turn, efficiency is also affected due to the mass transfer
resistance. As a result, very little of the hydrogen peroxide supplied to the system is

effectively consumed in the N-oxidation.

The hazardous situations mentioned above are typical in batch processes and clearly
demonstrate the need for a more efficient and inherently safer process, in particular for
the N-oxidation of alkylpyridines. The hydrogen peroxide decomposition not only
jeopardizes the safety of the process, but being used in a 50% excess also renders the

process inefficient.>

1.7 Previous Research on the N-oxidation of Alkylpyridines

Previous research on the N-oxidation of alkylpyridines, using phosphotungstic acid as
the catalyst and hydrogen peroxide as the oxidizing agent, has focused on the
development of a kinetic model that can represent the N-oxidation of different members
in the alkylpyridines family, using isothermal calorimetry and an open system working
at atmospheric pressure.®® %% %9 The main findings of these studies are summarized

in the following paragraphs.
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Sempere et al.>*

developed an empirical kinetic model for the N-oxidation of 2-picoline
from experiments performed at temperatures between 85 and 100 °C. Due to the
particular reaction profiles obtained, the kinetic model developed was based on the
Langmuir-Hinshelwood mechanism for heterogeneous catalysis, which involves fast
equilibrium reactions between catalyst sites and reactants to form intermediates that
react to form the final products. The kinetic model by Sempere et al. was later modified
and completed by Papadaki and Gao,”’ after proving some of the initial assumptions of
Sempere et al. were incorrect. The refined model showed good agreement for the N-
oxidation of picolines; however, the agreement for the N-oxidation of higher order
alkylpyridines, i.e., 3,5-lutidine, 2,6-lutidine and 2,4,6-collidine, was only partial due to
the existence of more than one phase in the mixture. Unfortunately, the seven rate and
equilibrium constants for the model were not made available, as their reliable estimation

was difficult due to the complexity of the study.

The study of the kinetics of the N-oxidation of alkylpyridines is inherently complex due
to several reasons. At temperatures below 85 °C the decomposition of hydrogen
peroxide prevails, leaving little oxidant for the N-oxidation. The upper limit of the
temperature range for the study in an open, atmospheric system is set by the
thermodynamics of the system, as the maximum temperature at which the N-oxidation
can be performed is at the boiling point of the mixture, i.e., around 100 °C. With regard
to the catalyst, at high concentrations the N-oxidation occurs very fast, such that the data
collected for kinetic analyses is not sufficient; while at low concentrations of catalyst,
the decomposition is favored and therefore, the rate of the N-oxidation is controlled by
the availability of hydrogen peroxide. Furthermore, the decomposition of hydrogen
peroxide must not be studied in isolation, as the reaction is condition dependent.®® ®
Papadaki et al.>® have previously shown that the decomposition reaction occurs slower in
the presence of alkylpyridines, as compared to the decomposition of hydrogen peroxide
in isolation; consequently, it is necessary to study the decomposition reaction

simultaneously with the N-oxidation reaction.
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Despite the challenging study of the N-oxidation of alkylpyridines, previous studies have
made a significant contribution to the knowledge and understanding of this system of
reactions and have opened the door for the improvement of the safety and efficiency of
the process. Apart from the kinetic model developed,® previous works have indicated
that the selectivity of the N-oxidation is improved with increased temperature and
catalyst concentration.®® *" * Therefore, the use of higher temperatures (>100 °C) and
pressures to reduce and potentially eliminate the decomposition of hydrogen peroxide
has been suggested. In addition, it has also been argued that by operating the process at
higher temperatures and pressures, a homogeneous mixture may be achieved, which
would dramatically favor the N-oxidation of higher order alkylpyridines such as lutidines
and collidines; however, it must be pointed out that the findings of these studies were
based on experiments performed in a narrow range of temperature (85-100 °C) and their
arguments require experimental validation in a wider range of temperature.

More recently, Saenz-Noval®

studied the N-oxidation of alkylpyridines based on the
abovementioned findings, and addressed three major issues: the evaluation of the N-
oxidation of alkylpyridines in a system operating at higher temperatures and pressures;
the decomposition of the product (alkylpyridine-N-oxide), and the runaway behavior of
hydrogen peroxide in isolation and mixed with alkylpyridine-N-oxide; and the prediction

of phase diagrams for higher order alkylpyridines.

Saenz-Noval® studied the N-oxidation of 2-picoline and 2,6-lutidine at temperatures
between 110 and 125 °C using a reaction calorimeter working under pressure, which
allowed the operation at temperatures above the boiling point of the mixtures. This work
demonstrated that for the N-oxidation of 2-picoline, it is possible to reduce dramatically
the decomposition of hydrogen peroxide by increasing the temperature of the reaction.
However, the role of the catalyst was unclear, as experiments performed using different
amounts of catalyst led to similar conversions of 2-picoline. Saenz-Noval’s experiments

with 2,6-lutidine showed that even with an increase in temperature and catalyst
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concentration, the decomposition of hydrogen peroxide is significant due to the phase
separation; these results emphasize the need for identifying conditions at which it
becomes possible to achieve a homogeneous mixture during the N-oxidation of higher
order alkylpyridines. In addition, it is necessary to test other higher order alkylpyridines,
e.g., 3,5-lutidine and 2,4,6-collidine, to determine their behavior during the N-oxidation

at higher temperatures.

Saenz-Noval®® > also conducted calorimetric studies to determine the effect of catalyst
and hydrogen peroxide on the rate of the decomposition of 2-picoline-N-oxide.>* > 62
From these studies, it was concluded that both temperature and catalyst accelerate the
decomposition of 2-picoline-N-oxide. The studies on the decomposition of 2-picoline-N-
oxide also revealed the generation of non-condensable gases. This finding represents an
additional serious hazard in the N-oxidation of alkylpyridines, as the decomposition of
the product may worsen the consequences of a runaway reaction.

Saenz-Noval®?

also studied the runaway behavior of hydrogen peroxide with and without
catalyst and developed a kinetic model that represents the catalytic decomposition of
hydrogen peroxide. It was concluded that the presence of catalyst accelerates
significantly the “onset” of the decomposition of hydrogen peroxide.

1 used the Gibbs minimization

Regarding phase-equilibrium studies, Saenz-Nova
method to predict the phase diagrams of binary and tertiary systems involving 2,6-
lutidine. The use of a third component in the mixture was considered as a potential
alternative to reduce the phase separation. The study showed that by adding acetic acid
to a 2,6-lutidine/water system, the region where two phases are present is significantly
reduced. However, the issues associated with the addition of a third component,
including formation of by-products, effect on the runaway behavior of the mixture, and
cost of separation from the desired product must be assessed before this alternative can

be implemented.
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1.8 Inherently Safer Design

Inherently safer processes are those which accomplish a hazard elimination or reduction
by means that are permanent and inseparable parts of the process:® that is, the process is
safer because of its own nature and not because of added on features (e.g., alarms, safety
interlocks).?

There are four major strategies for the design of inherently safer processes:®®

Minimization or intensification: Although there are several types of minimization

strategies, this basically consists of reducing the inventory of hazardous materials.
“Process intensification” is a term generally used to describe operation and design
strategies that reduce the size of the equipment needed. In order to achieve an intensified
process, it is necessary to completely understand the reaction system (e.g., reaction
mechanism, kinetics, mass transfer). This allows the design of reactor configurations that
maximize selectivity and yield and minimize the size of the equipment, which in turn
results in more efficient and economical processes. Additionally, the environmental
impact associated to these processes is usually lower due to the lower generation of

waste and by-products.’

Substitution: This entails changing a hazardous material, e.g., toxic or flammable, or
synthesis route with a less hazardous one. An inherently safer synthesis route would be
one that avoids the formation of unstable intermediates, strongly exothermic reactions,
and highly hazardous materials. The selection of a solvent is also an important aspect for
the safety of a chemical process; highly toxic or flammable solvents, as well as solvents

hazardous for the environment should be avoided.®*

Moderation or attenuation: This consists of using operating conditions that reduce or

eliminate the hazards, or less hazardous forms of materials, in order to reduce the
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consequences of a release of a hazardous material or energy.® In the case of chemical

reactions, the goal is to reduce the potential for a runaway reaction.

Simplification: This consists of eliminating complexities in the system in order to make

it less apt to human errors.

More details on the implementation and examples of the aforementioned strategies are

given elsewhere > 8¢

The design of inherently safer chemical processes requires as a first step, the
identification and understanding of chemical reaction hazards. Chemical reaction
hazards are not only related to the intrinsic properties of a substance itself or the
chemistry used, but also to process specific conditions.™ Therefore, in order to design a
reliable, robust, and inherently safer process, consideration should be given to all the

different sources of chemical process hazards.

In the N-oxidation of alkylpyridines, the semi-batch process is an example of an
inherently safer alternative to a batch process because it prevents the accumulation of
hydrogen peroxide in the reactor.?’ However, a sufficiently harmful amount of hydrogen
peroxide can accumulate at the end of the dosing period if an excess amount is used.

Therefore, the possibility of a runaway reaction is still possible.

1.9  Calorimetry as a Tool for the Evaluation of Thermal Risk of Chemical

Processes

The identification of reactive hazards and assessment of thermal risk of a chemical
reaction are crucial for the safe design and operation of a chemical process. A thorough
understanding of the chemistry of desired and undesired process reactions is necessary in

order to prevent reactive incidents.®
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The identification of reactive hazards can be a complex task as it may involve external
process conditions. Any event that can lead to a large temperature or pressure increase,
or release of hazardous materials or energy should be considered.®® Some information on
reactivity hazards may be available in the literature. However, it is often necessary to
obtain reactivity data experimentally.

Reactive hazards are typically identified by using calorimetric techniques.?®
Calorimetry is the science dedicated to the measurement and quantification of heat
during a chemical reactions or physical transformation. Several calorimetric techniques
and equipment are available depending on the objective of the application. In general,
there are four techniques commonly used for the evaluation of chemical reactivity:
temperature-programmed, isoperibolic, isothermal, and adiabatic.”® Aldeeb et al.,™
divide these four techniques into screening (temperature-programmed and isoperibolic)
and advanced techniques (isothermal and adiabatic). In this work only the advanced

analyses techniques were used.

Screening techniques are used to determine whether a reactive hazard exists in a quick
manner and using few resources, and define a temperature range to perform further
analyses. Screening tests can be performed in a Differential Scanning Calorimeter (DSC)
or in a Reactive Screening System Tool (RSST). For a detailed assessment, more
sophisticated equipment, such as the Vent Sizing Package (VSP) or the Adiabatic

Pressure Tracking Adiabatic Calorimeter can be used.®®

Isothermal and adiabatic calorimetry are advanced techniques that can provide more
accurate data. Isothermal reaction calorimetry is typically used to study the desired
reaction, while adiabatic calorimetry is used for the study of undesired and runaway

reactions.
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Isothermal reaction calorimetry is a powerful tool in the design and scale-up of
processes’”. It allows the study of the process in conditions similar to plant scale in order
to develop an understanding of the heat effects and cooling requirements of the system.
Reaction calorimetry studies can also reveal process flaws and ways to improve the
safety, efficiency, and environmental impact of a process.”” This technique offers
multiple advantages to process safety and process development.” Some of the data that
can be obtained from a reaction calorimeter include reaction kinetics and related data
(e.g., heat release rate, accumulation of reactants), heat transfer and thermal data (e.g.,
enthalpy of reaction, heat transfer coefficient, heat capacity), and mass transfer data,

which are essential for the safe design of a process and for risk assessment.”*

Adiabatic calorimetry is a useful technique to assess the consequences of a runaway
reaction and the thermal stability of a reaction mixture; they are also useful for relief
vent-sizing.” This is important not only for risk assessment, and to ensure adequate
safety measures for the process, but also for the quality of the product. Typical data
obtained from adiabatic tests include: adiabatic temperature rise (ATag), self-heating rate
(dT/dt) and maximum self-heating rate (dT/dt)max, pressure increase (P), and maximum
pressure rate (dP/dt)max. Kinetic data can also be obtained for simple reactions. For more

complex systems of reactions the analysis of adiabatic data can be challenging.”™ "

1.9.1 Thermal risk assessment

The thermal risk associated to a chemical reaction is the risk to have a runaway reaction,
and the resulting consequences. In order to assess the thermal risk, a scenario must be
identified. The worst case scenario for a batch or semi-batch reactor would be the
exposure to an event or process deviation that causes the reactor to continue operation

under adiabatic conditions, e.g., a cooling or stirring failure.”’
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The cooling failure scenario developed by Gygax’® can be used to explain the parameters
necessary to calculate the thermal risk associated to a chemical reaction. However,
similar scenarios can result from other process upsets, e.g., stirring failure. The cooling
failure scenario depicts the temperature course after a cooling failure and is visually
represented in Figure 3. In the normal process, the reactants are loaded to the reactor and
heated to the reaction temperature, Tpyrocess, Where they are maintained until the reaction
is completed. After completion of the reaction, the final product mixture is cooled down.
The scenario assumes that a cooling failure occurs at some point during the reaction,
while the contents of the reactor are at Tprcess. Depending on the accumulation of
reactants at the time of the cooling failure, which in turn depends on the process
conditions, the reaction will continue until all unconverted materials are finished.
Consequently, the temperature of the rector increases and reaches a temperature value
known as the Maximum Temperature of the Synthesis Reaction (MTSR). This increase
in temperature can trigger secondary reactions, which may increase the temperature
further to Teng. Secondary reactions are typically accompanied by the evolution of vapors
and/or gases, which increase the hazards of the process due to the potential

overpressurization of the reactor.

In order to assess the risk of a runaway scenario, it is necessary to have adequate
knowledge on the chemical reaction during normal and abnormal conditions. First of all,
it is necessary to determine the heat release rate (Q,.,,) and the cooling capacity of the
reactor in order to ensure that the cooling system can remove the heat generated by the
reaction. These quantities are typically obtained using reaction calorimetry.

It is also important to determine the maximum temperature reached by the reaction
mixture during a runaway of the desired reaction, the MTSR. The MTSR will determine
the potential to trigger a secondary reaction, which is typically a decomposition reaction.

The MTSR can be calculated as follows:’® 77
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MTSR = Tyrocess + XacATaa1 (Eq. 1)

where

Ty

Xae is the thermal accumulation at the time of the cooling failure; and

rocess 1S the desired reaction temperature;

AT,q1 1S the adiabatic temperature rise

Temperatu re
Tend
Secondary
reaction AT.q
TMR 1
—
MTSR
Desir_ed ) TMR,4,
reaction adt
Tprocess H H
I » Cooling failure
Normal
process R
Time
64, 76

Figure 3. Cooling failure scenario. Adapted from

Since the cooling failure can occur at any point in time during the reaction, MTSR is a
function of time. The worst case scenario, for which MTSR(t) is maximum, is
characterized by a maximum accumulation of reactants and minimum stability of the
reaction mixture, taking into consideration any available safety measures.”” The
accumulation of reactants and MTSR can also be determined using reaction calorimetry,
while the thermal stability of the mixture is evaluated using Differential Scanning

Calorimetry (DSC) or adiabatic calorimetry.
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The final temperature, Teng, IS determined by the adiabatic temperature rise during the

secondary reactions or decompositions triggered by the initial runaway reaction:

Tend = MTSR + ATadZ (Eq 2)

The final temperature provides an estimation of the severity of the potential
consequences of a runaway reaction. Therefore, it is critical to collect thermal data not
only on the desired reaction but also on the potential secondary reactions or
decompositions in order to have an accurate evaluation of the potential consequences.
Adiabatic calorimetry, DSC or Calvet calorimetry are generally used to obtain the
required data for this evaluation.

It is also important to determine the time that will take to reach MTSR and Teng under
adiabatic conditions. This is called the Time to Maximum Rate (TMR,g) and it is a

function of the reaction kinetics.”®"®

Risk is the combination of probability and consequence. For the estimation of the
thermal risk, the consequences are determined by the temperature and pressure that
could be achieved if the reactor is under adiabatic or nearly-adiabatic conditions. The
probability of a runaway scenario is evaluated based on the time available to respond. If
the time available to take corrective measures is very short (i.e., minutes), a runaway
reaction is likely to occur. Conversely, if the time available is long (i.e., several hours or

days), corrective actions can be taken before the runaway fully develops.”® " 7/
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2. PROBLEM STATEMENT

From a safety point of view, there are several key safety issues to consider in the N-
oxidation of alkylpyridines, either as isolated factors or as factors in synergy, such as:
the flammability of alkylpyridines, the oxygen generation by the undesired hydrogen
peroxide decomposition during the reaction, the potential accidental decomposition of
stored hydrogen peroxide, the potential accidental release of hydrogen peroxide during
transport, the high amount of heat generated by both, the N-oxidation and
decomposition reactions, and the thermal decomposition of the formed N-oxide in case

of a runaway.

An inherently safer process for the N-oxidation of alkylpyridines would be one where
the undesired hydrogen peroxide decomposition can be eliminated (or reduced), and in
the case of higher order alkylpyridines, one where a homogenous mixture can be
achieved. As mentioned in Section 1.7, previous studies suggest that the operation at
higher temperatures, which imposes the need of operation under pressure to prevent
boiling of the reaction mixture, can have an important positive impact on the process
safety and efficiency.’” ®® As these suggestions are partially based on the predictions of a
complex Kkinetic model, and the extrapolation of findings at lower temperatures, the

current work focuses on their experimental investigation and validation.

In addition, this dissertation presents a methodology based on the combination of in-situ
Fourier Transform Infrared (FTIR) spectroscopy and reaction calorimetry to obtain
further understating of the reaction Kkinetics and reaction pathways involved in the N-
oxidation of alkylpyridines, via the measurement of concentrations of reactants products
and intermediates. Since reaction calorimetry is a sensitive technique to small
disturbances, such as sampling, in-situ FTIR offers an alternative as a non-intrusive

technique for the monitoring and analysis of complex reaction systems. However, it is
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necessary to evaluate its performance and determine its adequacy as an analytical tool

for the study of the N-oxidation of alkylpyridines.

2.1  Objectives

The ultimate goal of this study is to design a much more efficient and inherently safer
process for the N-oxidation of alkylpyridines. In order to achieve this goal, it is
necessary to collect the data that will provide more understanding of the reaction and
will serve as the foundation for such inherently safer process. The specific objectives of

this work are:

< To evaluate the thermal stability of the alkylpyridines: 3-picoline; 3,5-lutidine; 2,6-
lutidine; and 2,4,6-collidine; and of their corresponding alkylpyridine N-oxides: 3-
picoline-N-oxide; 3,5-lutidine-N-oxide; 2,6-lutidine-N-oxide; and 2,4,6-collidine-N-
oxide using adiabatic calorimetry, to determine their runaway behavior and ensure
that new process conditions will not compromise the safety of the process or affect
the quality of reactants or products. In addition, the effect of the accumulation of
hydrogen peroxide at different catalyst concentrations on the decomposition of 3-
picoline-N-oxide is also evaluated using adiabatic calorimetry to determine
synergistic effects among all three compounds. This objective also includes the
analysis of 3-picoline-N-oxide decomposition products to determine the major

components and potential paths of the decomposition reaction.

To study the N-oxidation of 3-picoline in a semi-closed reactor working under
pressure using isothermal calorimetry and a factorial design of experiments. This
objective is twofold: a) to validate and complement previous studies arguing that an
increase in catalyst and temperature can potentially eliminate the decomposition of
hydrogen peroxide, thus favoring the selectivity toward the N-oxidation; and b) to

assess the effect of additional factors, such as dosing and stirring rate, and
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determine the most dominant factors on the N-oxidation of 3-picoline by using a
two-level full factorial design of experiments. In addition, this objective includes
the calculation of heat of reaction of the N-oxidation of alkylpyridines and the
power output, as these are important parameters for the design of a reactor.

To study the N-oxidation of 3,5-lutidine, using isothermal calorimetry, to determine
the effect of temperature, catalyst concentration, dosing rate, and phase separation
on the overall safety and efficiency of the process.

To study the N-oxidation of 2,6-lutidine and 2,4,6-collidine to observe the effect of
the phase separation on the safety and efficiency of the process and compare their
reactive behavior to that of other alkylpyridines studied in this work.

To propose improvements to the process for the N-oxidation of alkylpyridines,

incorporating the findings of this and previous works.

To evaluate the use of in-situ Fourier Transform Infrared (FTIR) spectroscopy in
combination with reaction calorimetry to obtain further understating of the N-
oxidation of alkylpyridines. This objective includes: a) obtaining reliable
concentration data to compare with concentrations obtained from calorimetric data;
b) estimating the end point of the N-oxidation reaction; and c) determining the
advantages and disadvantages of in-situ FTIR as an analytical tool for the study of

complex reactions, such as the N-oxidation of alkylpyridines

25



3. METHODOLOGY"

As mentioned earlier in Subsection 1.8, the development of an inherently safer process
requires a deep understanding of the chemical reaction and its hazards. This section
explains the steps followed to further the understanding on the N-oxidation of
alkylpyridines, and also provides details on the experimental techniques, equipment,
methods, and procedures used to collect the data necessary to address efficiency and

inherent safety issues associated with this complex reaction system.

3.1  Research Methodology

A schematic of the research methodology is depicted in Figure 4. The methodology can
be divided into three main parts: the evaluation of thermal stability and runaway
behavior of reactants and products in the N-oxidation of alkylpyridines, the evaluation of
operating conditions to minimize the decomposition of hydrogen peroxide during the N-
oxidation reaction, and the evaluation of the N-oxidation using in-situ FTIR. As can be
seen in Figure 4, the research methodology was mostly based on the use of isothermal
and adiabatic calorimetry to characterize the reaction system and improve the safety and
efficiency of the process. Overall, the methodology aims to the application of the
“moderation” strategy to achieve an inherently safer process (See Subsection 1.8).
However, as will be explained later in Section 8, the operation of the process at
temperatures higher than 100 °C also results on “process intensification”, which is

another strategy for inherently safer design.

" Part of this section is reprinted with permission from “Inherently safer reactors: Improved efficiency of
3-picoline N-oxidation in the temperature range 110-125 °C” by A. Pineda-Solano, L. Saenz-Noval, S.
Nayak, S. Waldram, M. Papadaki and M. S. Mannan, 2012. Process Safety and Environmental Protection,
90, 5, 404-410, Copyright [2012] by Elsevier.
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3-picoline and 3,5-lutidine were selected to evaluate the N-oxidation reaction at different
operating conditions. These two members of the alkylpyridine family were selected for
this study due to the unavailability of data on their N-oxidation at temperatures higher
than 100 °C, and because they represent two different cases of the N-oxidation of
alkylpyridines. 3-picoline is miscible with water; therefore, it represents the case in
which the N-oxidation occurs in a homogeneous mixture. In contrast, 3,5-lutidine is not
soluble in water in a wide range of conditions; thus, it represents the case in which (at
least) two phases form during the N-oxidation, and the difficulties associated with the
limited solubility of higher order alkylpyridines in water. The N-oxidation of 2,6-lutidine
and 2,4,6-collidine, in which the formation of two phases also occurs, was briefly
studied as well, mostly for comparison purposes. A list of the chemicals studied in this

work is shown in Table 3.

[ Study of the N-oxidation of alkylpyridines ]

| !

PUIDOSE Evaluation of thermal stability Evaluation of Evaluation of the
P and runaway behavior operating conditions reaction using FTIR
Technique Adiabatic Calorimetry Isothermal Calorimetry
|
{ l
Equipment APTAC [HEL-SIMULARJ [ RC1e/IR probe }
l l Factorial
Method [ HWS } [ Isothermal } DOE

3-pic; 3,5-1ut; 2,6-lut; Y
Compounds 2,4,6-col; and 3,5-lut; 2,6- 3-pic;
studied corresponding N-oxides [ 3Nox J [ 3-pic; 3,5-Iut] lut; 2,4,6-col 3-pic 3Nox

Figure 4. Research methodology for the current study
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The thermal stability of all the alkylpyridines included in this study, along with their
corresponding N-oxides, was evaluated using the HWS mode of the Automatic Pressure
Tracking Adiabatic Calorimeter (APTAC). The APTAC and its different modes of
operation are described in Subsection 3.2.1. A more in depth study was performed on the
decomposition of 3Nox, using the isothermal mode of the APTAC, to determine the
effect of temperature and catalyst concentration on its decomposition. In addition, the
effect of hydrogen peroxide accumulation in the reactor on the severity of the potential
consequences of a runaway reaction was evaluated by performing experiments with
3Nox mixed with a quantity of hydrogen peroxide and different amounts of catalyst,
using the HWS mode of the APTAC. The results of all experiments conducted in the
APTAC are discussed in Section 4.

Table 3. List of chemicals used in this study

Material CAS number Product number
3-picoline 99% 108-99-6 P42053 Aldrich
3,5-lutidine >98% 591-22-0 L4206 Aldrich
2,6-lutidine 98% 108-48-5 31531 Alfa Aesar
2,4,6-collidine 99% 108-75-8 A11058 Alfa Aesar
3-picoline-N-oxide 98% 1003-73-2 P42401 Aldrich
3,5-lutidine-N-oxide 3718-65-8 wx
2,6-lutidine-N-oxide 1073-22-0 wx
2,4.6-lutidine-N-oxide 3376-50-9 wx
Phosphotungstic acid hydrate 12501-23-4 P4006 Sigma-Aldrich
Hydrogen peroxide 35 wt. % in water 7722-84-1 349887 Sigma-Aldrich

**Note: These chemicals were prepared in the laboratory

For the evaluation of operating conditions to minimize the decomposition of hydrogen

peroxide, preliminary experiments with 3-picoline and 3,5-lutidine were conducted using
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an HEL-SIMULAR isothermal calorimeter (see Subsection 3.2.1), at Texas A&M
University at Qatar. A more extensive study was then conducted on both compounds
using a Mettler-Toledo RCle isothermal calorimeter at Texas A&M University at
College Station. A factorial design of experiments was used for the study of 3-picoline in
order to determine the most dominant parameters on the N-oxidation of alkylpyridines,
along with other important parameters for the design of a reactor, such as heat of
reaction and heat transfer coefficients. The N-oxidation of 2,6-lutidine and 2,4,6-
collidine was also studied using the Mettler-Toledo RC1e isothermal calorimeter. The
results of experiments performed with 3-picoline using isothermal calorimetry are shown

in Section 5, while the study of higher order alkylpyridines is shown in Section 6.

During isothermal measurements in the RC1e calorimeter, an FTIR probe was used to
obtain quantitative concentration data from infrared peak profiles and to identify any
potential intermediates. This information could be used to obtain a better understanding
of the chemical reaction. In order to illustrate this technique, an analysis was performed
on infrared data from the N-oxidation of 3-picoline. The results from the IR analysis are

presented in Section 7.

3.2  Equipment, Methods and Procedures

As mentioned earlier in this section, the data collected in this work was acquired mostly
by using isothermal and adiabatic calorimetry. Two different isothermal calorimeters,
the HEL-SIMULAR and the RC1e from Mettler-Toledo, and one adiabatic calorimeter,
the Automatic Pressure Tracking Adiabatic Calorimeter (APTAC), were used in this
work. This subsection describes the calorimeters used and experimental procedures
followed. The infrared probe used for the evaluation of the reaction using in-situ FTIR is

incorporated in the RC1e calorimeter and will also be described in this subsection.
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3.2.1 Isothermal calorimeters

Overall, the two calorimeters are very similar in their hardware configuration and
operation. Both calorimeters were operated in heat flow mode, meaning that the
temperature of the oil jacket is constantly adjusted in order to maintain isothermal
conditions inside the reactor. A general schematic that represents both calorimeters is

shown in
Figure 5. A detailed description of each calorimeter is given in the following paragraphs.

Relief valve or Stirrer
rupture disk

Pump
Pressure gauge 4(&?
Vent valve —»'—1
L — Dosing
| \ ' ' I material
Reactor ——» B <— Balance
QOil in Calibration
r heater
Thermometers IR probe Oil out
T Thermostat
<

Figure 5. Schematic representation of the isothermal calorimeters used in this work. The IR
probe was only available in the RCle

HEL-SIMULAR isothermal calorimeter

The HEL-SIMULAR isothermal calorimeter consists of a stirred high pressure reactor

vessel, which has a maximum operating pressure of 6 bar absolute and a maximum
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temperature of 200 °C. The reactor vessel is equipped with a platinum resistance
thermometer, a stirrer, a pressure transducer and a relief valve, which is set at 5 bar to
ensure that the pressure inside the reactor does not exceed the maximum operating
pressure. The temperature of the reactor is controlled by a cooling/heating Julabo bath
which operates between —50 °C and 200 °C. The oil is circulating in the jacket at high
speed so that its temperature while in the jacket does not practically change. The
temperatures of the oil at the inlet of the jacket and inside the reactor are measured with
platinum resistance thermometers. The reactor vessel is also equipped with an electrical
heater which is used for calibration purposes. The dosing of materials to the reactor
vessel in the semi-batch mode is done by means of a Prominent® solenoid metering
pump and an Oxford scale. All temperatures, scales indication, heater power, current and

voltage, reactor pressure and a number of other quantities are recorded every 20 s.

During preliminary experiments performed in the HEL-SIMULAR calorimeter, it was
observed that even small quantities of oxygen produced during the decomposition of
hydrogen peroxide can rapidly increase the pressure inside the reactor and make it reach
the maximum operating pressure. For this reason, in some measurements, it was
necessary to cool down the reactor, and vent to let the non-condensable gases escape in
order to continue the experiment. However, in the worst cases, the experiment had to be

terminated before the desired measurement was completed.

In order to solve this problem, it was necessary to increase the head space of the reactor.
A stainless steel vessel with a volume of approximately 1 L was connected to the
reactor. The vessel and connections were maintained at the desired temperature by
means of a heating tape connected to a Variac, i.e., the temperature was controlled by
varying the voltage provided to the heating tape. The temperature inside the vessel was
measured with a J-type thermocouple and regulated by an OMEGA CN7800 controller.

The stainless steel vessel was also equipped with a relief valve set at 4 bar.
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The volume of the system was measured with two different methods (a) by inserting a
known quantity of air at isothermal conditions and recording the difference in pressure
and (b) by introducing a known volume of water and recording the pressure change. The
pressure change was then used to evaluate the volume of the reactor, assuming ideal gas.

In both cases the volume of the empty system was calculated as 2.1 L
Mettler-Toledo RC1e isothermal calorimeter

The Mettler-Toledo RC1e MP10 calorimeter consists of a 1.2 L glass reactor with a
maximum operating pressure of 10 barg and a maximum operating temperature of 162
°C. The reactor vessel is equipped with a thermometer, an anchor stirrer, a calibration
heater, and a rupture disc set at 12 barg. All inserts in the reactor are made of Hastelloy.
Pressure is measured through a pressure transmitter, which is incorporated into a
pressure controller that maintains the desired pressure within the reactor. During the
experiments performed in the RC1e, no pressure control was utilized; the pressure was
continuously changing throughout the experiment due to changes in the vapor pressure
of the mixture, compression of the gas volume and generation of oxygen through the
decomposition of hydrogen peroxide. The addition of materials to the reactor can be

done either manually or by using a ProMinent® solenoid metering pump.

The RC1e is comprised of 3 modules assembled in a single unit: an electronic control
and monitoring system, a thermostat and pump for the circulating oil, and a measuring
system. The equipment is fully automated and connected to a personal computer (PC)
through a Universal Control Box (UCB).”

To acquire data, set safety limits, and calibrate sensors, the calorimeter incorporates the
iControl software. A microprocessor receives parameters and set values from the PC,
acquires measured values, and controls the temperature and stirrer speed in the reactor.

The microprocessor also monitors the safe operation of the RCle. In case unsafe
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conditions are detected or the connection to the PC is interrupted, the microprocessor
sets the reactor temperature to a predetermined value. The temperature of the reactor
contents, the circulating oil, the coolant, stirrer speed, pressure, and other quantities are
recorded every 2 seconds. These values are used to control the RCle and also to trigger

warnings or activate the emergency programs.”®

The temperature of the reactor is controlled by a high performance thermostat, which
uses silicone oil as the heat transfer fluid. The oil circulates around the jacket at high
speed so that its temperature while in the jacket is practically constant. The oil
circulation system consists of a hot oil reservoir and a cold oil reservoir. The hot oil
reservoir is heated by an electrical heater and the cold oil reservoir is cooled by a cooling
coil connected to a chiller unit. A control valve regulates the amount of cold oil to be
mixed with hot oil in order to achieve the required jacket temperature.”® In order to
minimize heat losses, the lid of the reactor can be heated at the desired temperature by

circulating oil through it at a high speed.

The RC1e also includes the RTCal option. It consists of two metal bands (heat flux
sensors), one horizontal and one vertical, attached to the outer wall of the reaction
vessel. The sensors measure the heat flow through the horizontal sensor band, and the
vertical band determines the fill level. The RTCal option allows the heat flow to be
determined in real time for the calculation of thermal data, constants, and further

evaluation of data.”

ReactIR 15™

The RCle incorporates the ReactIR 15™ an automated in-situ spectrometer that uses
Fourier Transform Infrared technology (FTIR) to monitor changes of chemical species

throughout the course of the reaction. The ReactIR 15™ uses a DS FiberConduit probe

as the sampling technology. The FiberCounduit consists of silver halide fibers that
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transfer the infrared (IR) source light from the ReactIR 15™

to the probe in contact with
the reactor contents and then back to the detector. A Mercury Cadmium Telluride
detector collects infrared absorbance of the different components of the reaction mixture.
This detector must be kept cool with liquid nitrogen in order to be functional. The
ReactIR 15™ is connected to a PC through a USB cable. The PC incorporates the iC IR

4.2 Mettler Toledo software to collect, visualize, and analyze real time infrared data.®’
Experimental procedure

The procedure to perform experiments in both isothermal calorimeters was similar, and

it is outlined below (see Figure 6):

First, the alkylpyridine and a certain amount of phosphotungstic acid, dissolved in 15-20
g of water, are loaded into the reactor and heated up to the desired temperature, followed
by a stabilization period (1). Then, a calibration is performed (2) by means of the
electrical heater to determine the heat transfer coefficient (UA) and baseline at the initial
conditions. After this, the system is allowed to stabilize once again (3). An equimolar
amount (with alkylpyridine) of hydrogen peroxide 35 wt. % in water is then added (4) to
the reactor at the desired rate. Once the dosing step is finished, the reaction mixture is
left to stabilize for a period of 30-60 min (5). After this, a second calibration step is
performed (6) followed by stabilization (7) to determine the heat transfer coefficient
(UA) and baseline at the end of the reaction. The reaction mixture is then cooled down
(8) to ambient temperature. Figure 6 shows typical temperature and pressure profiles

obtained during the calorimetric measurements.

The power of the reaction, Q,.,, , is calculated via an energy balance over the reactor:

ern = Qflow - Qheater + Qdosing + Qaccum + baseline (Eq 3)
Where

Qfiow is the power exchanged with the cooling medium, in W;
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Oneater 1S the power from the electrical heater, which is measured directly, in W;
Qaosing 15 the power loss to bring the dosed material to the temperature of the
reaction mixture, in W; and

Quccum 18 the accumulated heat, in - W. During isothermal operation this term is
zero.

The term baseline includes the power due to stirring and the power losses. The total
heat generated by the reaction can be calculated as the integral of Q,,, over the total
time of the reaction. More details on the calculations of power and heat of reaction are

given in Section 6 and 7 along with the results from isothermal measurements.

O @ 6 ® ® © @ 45
140 L4
120 - 35
8 I~ 3 —_
2100 g
S - 25 %
§ 80 -2 E
[«5)
S 1503
F 60 :
-1
40
% - 05
20 ; ‘ e . >0
40.00 140.00 240.00 340.00 440.00
Time (min)

—=Tj(°C) —=Tr(°C) Pressure (barg)

Figure 6. Typical temperature and pressure profiles obtained during experiments in the HEL-
SIMULAR and RCl1e isothermal calorimeters
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3.2.2 Adiabatic calorimeter
Automatic pressure tracking adiabatic calorimeter (APTAC)

The APTAC is a fully automated adiabatic calorimeter, which can operate at
temperatures between ambient temperature and 500 °C, and pressures from vacuum to
138 bar (2000 psi). Heat losses are minimized by keeping the temperature of the
surroundings as close as possible to the temperature of the sample. The equipment
consists of three well-insulated main heaters located in a pressure containment vessel,
which maintain the reaction cell under adiabatic conditions (see Figure 7). Two of the
heaters are placed on the sides of the containment vessel and one at the bottom. An
additional heater is located at the top head of the containment vessel which regulates the

temperature of a fitting where injection tubing and probes pass through.

The reaction cell is attached to the top heater and placed inside a containment vessel.
The temperature of the sample is measured with a type N thermocouple. The cell is
prevented from bursting due to pressure build up during a reaction by injecting nitrogen
in the containment vessel at a fast rate, such that the pressure differential across the cell

wall is kept at a minimum throughout the experiment (typically 0.3 bar).

The APTAC is able to track pressures up to 1380 bar/min (20000 psi/min), depending on
the material of the reaction cell. For glass cells, this number is reduced by approximately
an order of magnitude.” Reaction cells are available in different materials, including
glass, titanium, stainless steel, and tantalum. In this work, only glass cells were used.

A MagnaDrive stirrer is placed at the bottom of the containment vessel, below the heated
space, and a magnet is attached to the shaft, such that it is sufficiently close to the
bottom of the reaction cell to provide good stirring,” as shown in Figure 7. The heaters,

nitrogen flow, stirring rate, and data acquisition system are controlled by a PC.
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Figure 7. Simplified diagram of the APTAC.*

The APTAC can operate in several different modes, including Heat-Wait-Search
(HWS), Heat-Soak-Search (HSS), temperature ramp and isothermal mode. In this work,
only the HWS and isothermal modes were used. The HWS mode consists on heating up
the sample at a rate predefined by the operator to the starting temperature. From this
temperature, the equipment increases the temperature in steps, searching for an
exotherm. At each step, the sample is allowed to stabilize (wait period) for a few minutes
and then the equipment searches for an exotherm. An exotherm is identified when the
self-heat rate of the sample is greater than the predetermined threshold (0.04 °C/min).
Once an exotherm is identified, the APTAC switches over to adiabatic mode in order to
track the exotherm. During this period the surroundings of the sample are kept at
approximately the same temperature as the sample to avoid heat losses.” The minimum
temperature at which the exotherm is identified is known as the “onset temperature” of
the reaction,®* and it depends strongly on the sensitivity of the equipment. Figure 8a
shows a typical temperature-time curve obtained during an experiment using the HWS

mode.
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Figure 8. Typical temperature profiles obtained from experiments in the APTAC using a) HWS
mode; and b) isothermal mode

In the isothermal mode, the sample is heated up at a specified heating rate to the desired
experiment temperature. Then, the sample is maintained at isothermal conditions for a
predetermined period of time. If the equipment detects an exotherm, it switches over to

adiabatic conditions. Two criteria must be met for the equipment to switch over to
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adiabatic mode to track an exotherm: the self-heating rate must be greater than 0.02
°C/min and the sample temperature must be at least 1 °C higher than the soak
temperature. Once the time limit is exceeded, the sample is cooled down. Figure 8b

shows a typical curve obtained during an isothermal measurement.

Reactions are performed in a small spherical cell of about 100 ml. Samples of 15-30 ¢
are needed for each run. Once the sample is placed in the cell, the cell is attached to the
top heater. The equipment is closed and two safety clamps are put in place to seal the
equipment. Then the desired operating mode and experiment parameters are set using the
software. During the experiment, several variables are recorded by the software,
including the temperatures of the sample, the nitrogen in the containment vessel, the cell
wall, and the pressure of the sample. At the end of the experiment, the cell is weighted to
determine whether any mass was lost during the experiment. Samples collected at the
end of the experiments were analyzed using Gas Chromatography/Mass Spectrometry
(GC/MS) and Liquid Chromatography/Mass Spectrometry (LC/MS).

In a perfectly adiabatic system, all the heat generated by the sample would be absorbed
by the sample, increasing its temperature. However, in the APTAC, part of the heat
generated is absorbed by the sample cell. The full adiabatic temperature rise and

maximum reaction rate are therefore lowered. The heat balance can be written as:"®
MC,AT,q = (MC, + M.C,)AT 4 (Eg. 4)
where
AT,q.exp 1S the adiabatic temperature rise for the system consisting of the sample and
the cell, which is measured experimentally;
M is the mass of the sample;

M, Is the mass of the cell;
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Cy, is the average heat capacity of the sample; and

Cye Is the average heat capacity of the cell.

The adiabatic temperature rise of the sample, AT,,4, can then be written as:"®

AT, = (MC, 1\; C{fcfvc) AT oy = <1 + %g:) ATag exp (a5
AToa = PATag,exp (Eq. 6)
p=1+ 1\1/1\;2 (Eq. 7)
The heat of reaction can be calculated as:
, = Mo (Eq.8)
Nixn

where
N,.., are the moles reacted during the experiment; and

¢ is the thermal inertia factor

The ¢ factor is used as a measure of the adiabaticity of the reactants.” The closer the ¢
factor is to one, the more adiabatic the system is. It must be emphasized that Equation 12
is only valid if there is no change in the reaction mechanism over the temperature range
studied.
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3.2.3 Factorial design of experiments

The study of the N-oxidation of 3-picoline was conducted following a two-level factorial
design of experiments (DOE), in order to determine the statistical significance of each

factor on the conversion of 3-picoline into its N-oxide.

A factorial design of experiments is a tool used to determine cause and effect
relationships between the process variables, called factors, and one or more response

variables. 8

The effect of a factor is defined as “the change in response produced by a
change in the level of the factor”.3* When the effect of a factor on the response depends

on the level of another factor, it is said that there is an interaction between the factors.

The most widely used experimental design is the two-level factorial, in which each
factor is set at a high level and a low level. A full factorial design of experiments
consists of all combinations of high/low levels for all factors.> ® Thus, a two-level
factorial design with k factors requires 2 observations. Because each factor is studied
only at two levels, it is assumed that the response is approximately linear over the range
of conditions chosen for each factor.®* Therefore, the response variable can be described
by a linear model. The significance of each main and interaction effects are determined
through statistical analysis.

The procedure to analyze a 2% design of experiments has been outlined by
Montgomery.®* The first step in the statistical analysis is to determine the signs and
magnitudes of factor effects. In order to determine the effect of a factor, the contrast
associated with that effect must be calculated. The contrast is defined by
NIST/SEMATECH® as “a linear combination of two or more factor level means with
coefficients that sum to zero”. The contrast for a factor or interaction effect is calculated

as
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Contrastug k =(ax1)(bx1)- (k1) (Eq. 9)

where the factors are represented by the capital letters A, B,...K, and the lowercase
letters represent the high level of the corresponding factor in the treatment combination.
The absence of a lowercase letter represents the low level of the corresponding factor in
the treatment combination, e.g., the letter a, by itself, represents a treatment combination
where factor A is at the high level and other factors are at the low level, while the
combination ab represents a treatment combination where both factors, A and B, are at
the high level. When all the factors are at the low level the treatment combination is
denoted by (1). The signs in the parentheses in Equation 4 are defined by the presence
or absence of a factor in the effect, i.e., the sign is negative if the factor is included and

positive if it is not.*

Once the contrasts for each effect and interaction are calculated, the effect and the sum

of squares are calculated using Equation 5 and 6, respectively:®*

2 Eqg. 10
AB---K = W(ContrastAB...K) (Eq. 10)

2 Eqg. 11
SSap.x = ﬁ(contraStABmK)z (Fa- 11

where n is the number of replicates.

After all effects are calculated, the initial linear model for the experiment is formed. If at
least one run in the DOE has been replicated, the initial model includes all factor and
interaction effects. For an unreplicated DOE, it is typically assumed that higher order
interactions are negligible, as it is not possible to estimate all parameters for the full
model with a single replica factorial. The assumption is based on the “sparsity of effects

principle”, which says that most systems are dominated by some of the main factors and
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low order, typically two-order, interactions. Instead, the mean squares of higher order

interactions are combined to estimate the error. The regression model is® %

y = Bo+ B1x1 + Baxy + o+ Brxy (Eq. 12)

where x;, is a coded variable (+1 or -1), B, are the model parameters and y is the

response variable.

The statistical significance of all factor and interaction effects is tested by using Analysis
of Variables (ANOVA). P-values can be used as criteria to determine the significance of
an effect. Once the statistical analysis has revealed the most significant effects, the

model is refined by eliminating non-significant terms from the full model.

Finally, an analysis of the residuals is performed to check the assumptions (e.g.,
linearity) and adequacy of the model. The residuals are the differences between the
experimentally observed response values and the response values predicted by the
model. The adequacy of a model is verified if a straight line is obtained in the normal

probability plot of the residuals.?* &

Due to the high number of terms that may result during the analysis of DOE, the
calculations are typically done using statistical packages. In this work, the analysis of the
full factorial design was performed using the statistical package Minitab 16. This
software provided an estimation of the main and interaction effects, statistical
parameters, and plots typically used in the analysis of statistical design of experiments.
The DOE used for the study of the N-oxidation of 3-picoline was a 2* factorial design for
four independent variables: temperature, mass of catalyst, dosing rate, and stirring rate,

where the response variable was the conversion of 3-picoline.
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4. THERMAL STABILITY STUDY OF ALKYLPYRIDINES AND THEIR N-
OXIDES

This section presents the results of experiments conducted using the Automatic Pressure
Tracking Adiabatic Calorimeter (APTAC) described in Section 3.2.2, to study the
thermal stability of the alkylpyridines: 3-picoline; 3,5-lutidine; 2,6-lutidine; and 2,4,6-
collidine; and of their corresponding alkylpyridine N-oxides: 3-picoline-N-oxide; 3,5-
lutidine-N-oxide; 2,6-lutidine-N-oxide and 2,4,6-collidine-N-oxide. In addition, the
effect of the accumulation of hydrogen peroxide at different catalyst concentrations on
the decomposition of 3-picoline-N-oxide is also evaluated to determine synergistic
effects among all three compounds. The analysis of 3-picoline-N-oxide decomposition
products to determine the major components and potential paths of the decomposition

reaction is also shown.
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Figure 9. Schematic representation of the N-oxidation of alkylpyridines and potential
decomposition reactions

The N-oxidation of alkylpyridines can be represented by the schematic shown in Figure
9. As discussed earlier, the synthesis reaction is accompanied by the undesired, gas-
generating decomposition of hydrogen peroxide. In addition to the hydrogen peroxide
decomposition, Figure 9 shows the potential decomposition that alkylpyridines and their
corresponding N-oxides may undergo under certain conditions. During the N-oxidation
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of alkylpyridines, hazardous scenarios could arise if the reaction gets out of control, i.e.,
if there is a runaway reaction. A runaway during the N-oxidation of alkylpyridines could
increase the temperature to a value above which the product — alkylpyridine N-oxide —
starts decomposing. However, the conditions under which such decomposition may

occur are unknown.

The decomposition of hydrogen peroxide catalyzed by phosphotungstic acid under
different conditions has been previously studied by Saenz-Noval.”® This work is
concerned with the thermal stability of alkylpyridines and their N-oxides. The main
purpose of this study is to ensure that the operating conditions used do not compromise
the safety of the process while the process efficiency is maximized and the product
quality guaranteed.

The results of the thermal stability study on the abovementioned alkylpyridines is shown
in Subsection 4.1, while the results for alkylpyridine N-oxides are shown in Subsection
4.2.

4.1  Thermal Stability of Alkylpyridines

The thermal stability of 3-picoline; 3,5-lutidine; 2,6-lutidine; and 2,4,6-collidine was
studied using a glass cell and the HWS mode of the APTAC between 150 °C and 400
°C, with heating steps of 10 °C. For each experiment, the glass cell was loaded with
approximately 15.5 g of alkylpyridine; then, the cell was placed in the containment
vessel and the containment was sealed. A pressure of 1.7 bar (25 psi) of nitrogen was
then applied to the cell in order to avoid rapid vaporization of the alkylpyridine. After
that, the sample was heated to the starting temperature (150 °C), where the HWS process
started. In order to confirm the data obtained in the APTAC, the experimental vapor
pressure was compared to the vapor pressures found in the literature for each

alkylpyridine. The experimental vapor pressure was obtained from APTAC data by
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subtracting from each data point the initial nitrogen pressure, appropriately modified
using the ideal gas law.

Figure 10 shows the temperature and pressure profiles obtained from the experiment
with 3-picoline. As shown in Figure 10, no exotherm was observed. Figure 11 shows a
comparison of the vapor pressures obtained from the APTAC and the values from
literature for 3-picoline. The literature values of vapor pressure were obtained from the
following equation taken from DIPPR Project 801:%

8172.2

P = exp|93.075 - — 10444 « In(T) + 0.0000060393 * T?| (Eqg. 13)

Equation 13 is valid in the temperature range 255.0 to 645.0 K (-18 to 372 °C).
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Figure 10. Temperature (purple) and pressure (red) profiles for a HWS experiment with 15.14 g
of 3-picoline
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It can be seen in Figure 11 that the vapor pressures generated from APTAC data match
literature data very well up to a temperature of 350 °C. After this point, there is some
disagreement between the data. The disagreement is likely because Equation 13 is valid
only up to 372°C. Therefore, some disagreement is expected at higher temperatures. The
fact that the measured vapor pressure remains smaller than the calculated one, verifies
further that no decomposition gases have been produced. At the end of the experiment
the sample cell was removed from the containment vessel. It was observed that the final
sample appeared darker (coffee-colored) than the original clear yellow.
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Figure 11. Comparison of vapor pressure of 3-picoline calculated using data generated by the
APTAC and using the vapor pressure correlation from DIPPR Project 801

From the comparison, it can be seen that it is unlikely that 3-picoline decomposed at

temperatures below 350 °C, and if it did, it was at a non-detectable rate.
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Figure 12. Temperature (blue) and pressure (red) profiles for a HWS experiment with 15.52 g of
3,5-lutidine

Figure 12 shows the temperature and pressure profiles generated during the experiment
performed with 3,5-lutidine and Figure 13 shows the comparison of experimental and
literature vapor pressure values. The literature values, in mmHg, were obtained from the

following equation and converted to bar;*

p— 10[%%] (Eq. 14)
where
A = 7.314893;
B = 1765.913; and
C = 226.3593

Equation 14 is valid in the temperature range 11 to 412.9 °C.
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It can be seen in Figure 12 that no exotherm was observed during the experiment. Also,
in Figure 13, it can be seen that there is very good agreement between experimental and
theoretical data up to 350 °C. After this temperature, there is some disagreement between
the data; however, the error is lower than 10%. In the temperature range where there is
disagreement, the experimental values are always lower than literature values, indicating
that non-condensable gases were not generated, i.e., no decomposition occurred. The

final sample collected was also darker than the original color (yellow).
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Figure 13. Comparison of the vapor pressure of 3,5-lutidine calculated using experimental data
from the APTAC and using the vapor pressure correlation from Yaws' Critical Property Data for
Chemical Engineers and Chemists.*

Figure 14 shows the temperature and pressure profiles obtained during an experiment
with 2,6-lutidine. Figure 15 shows the comparison of experimental and literature vapor
pressure values for the same compound. The literature vapor pressure values were

obtained, in Pa, from the following equation and converted to bar:®
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7637.8
P = exp(78.801 - = — 8.2293 + In(T) +0.0000039754 <) (Eq. 15)

Equation 15 is valid in the temperature range -6 to 350 °C.

It can be seen in Figure 15 that the experimental and literature vapor pressure values
agree very well up to 340 °C, which is close to the upper limit of the valid range of
Equation 15. Similarly to previous analyses, this confirms that no gases were generated
throughout the experiment up to this temperature. The color of the final sample was tea-

like, which is darker than the original yellow color.
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Figure 14. Temperature (blue) and pressure (red) profiles for a HWS experiment with 15.51 g of
2,6-lutidine
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Figure 15. Comparison of the vapor pressure of 2,6-lutidine calculated using experimental data
from the APTAC and using the vapor pressure correlation from DIPPR Project 801

Figure 16 shows the temperature and pressure profiles obtained during an experiment
with 2,4,6-collidine. Figure 17 shows the comparison of experimental and literature
vapor pressure values for 2,4,6-collidine. The literature values were obtained, in Pa,

using the following equation and then converted to bar:®

7031.1

P = exp |54.46 — — 4.4481 * In(T) + 2.0586F — 18 % T© (Eq. 16)

Equation 16 is valid in the temperature range -45 to 380 °C.

Similar to the other alkylpyridines studied, no exotherm was observed and the
experimental and literature values of vapor pressure were in agreement up to the upper
temperature limit of validity of the vapor pressure equation (380 °C). The color of the
final sample was reddish-brown, which is also darker than the original dark yellow color.
In summary, all the alkylpyridines included in this study were found to be stable up to

the tested temperature of 400 °C. Vapor pressure values obtained from experimental data
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were found to be in good agreement with those from literature, which confirmed that no

gases were produced during the experiments.
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Figure 16. Temperature (blue) and pressure (red) profiles for a HWS experiment with 15.53 g of
2,4.6-collidine
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Figure 17. Comparison of the vapor pressure of 2,4,6-collidine calculated using experimental
data from the APTAC and using the vapor pressure correlation from DIPPR Project 801%
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4.2  Thermal Stability of Alkylpyridine N-oxides

4.2.1 3-picoline-N-oxide

3-picoline-N-oxide (3Nox) was first studied in HWS mode between 200 and 280 °C with
heating steps of 5 °C to determine the “onset” temperature of decomposition. The
experimental procedure was similar to the procedure described earlier for the thermal
stability study of alkylpyridines. An aqueous solution of 3Nox was loaded to the cell and
placed in the containment vessel, which was subsequently sealed. A pressure of 1.4 bar
(20 psi) of nitrogen was applied to the cell to prevent rapid vaporization of the sample.
At the end of the experiment, the sample was weighted to determine the mass converted
to non-condensable gases. Table 4 shows the details of the HWS experiments performed
with 3Nox.

Table 4. Quantities used for HWS experiments with 3Nox. The HWS was performed between
200 and 280 °C with heating steps of 5 °C

3Nox solution

Experiment 43.7 Wt % Water (g) Catalyst (g)
1 15.09 0.00 0.10
2 15.08 0.00 0.30
3 7.54 7.53 0.10

3Nox is a very hygroscopic solid, which makes it difficult to handle in the laboratory. It
absorbs moisture from the environment and becomes a liquid rapidly. Therefore, it is
difficult to obtain an accurate measure of the mass of N-oxide in each experiment. For
this reason, a series of measurements were performed using an aqueous solution of 3Nox
43.7 wt. % so as to have a minimal unaccounted for quantity of water in the sample and
also to standardize the mass of 3Nox used in those experiments. The concentration of the

aqueous solution used was similar to the concentration of a mixture at the end of an N-
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oxidation reaction. The same solution was used for all experiments performed with
3Nox.

Figure 18 shows the temperature and pressure profiles obtained during experiments 1
and 2 from Table 4. An exotherm was detected at around 250 °C in experiment 1 and
around 255 °C in experiment 2. The difference in the detected “onset” temperature is
expected, since the error associated with HWS experiment is as large as the heating step,
5 °C. In both experiments, the shutdown parameters set were reached and the

experiments were finished before the decomposition reaction reached completion.

Experiment 3 was performed with a lower amount of 3Nox solution so the
decomposition could finish before the shutdown parameters were reached, thus, allowing
the calculation of the heat of reaction. Figure 19 shows the temperature and pressure
profiles obtained from experiment 3. It can be seen that the exotherm was detected
around 255 °C and finished at 279 °C (AT,qexp = 24 °C). The heat of the decomposition
of 3Nox was calculated using Equations 10-12. The thermal inertia factor, ¢, was 1.66
and the estimated heat of decomposition was 102 kJ/mole. It is expected that the heat of
reaction has a large error associated to it given that the extent of decomposition of 3Nox
is unknown. As discussed later in this subsection, 3Nox was found in final samples
collected, which indicates that not all the 3Nox initially loaded decomposed during the

experiments.

Once the temperature range of decomposition was identified, experiments using the
isothermal mode of the APTAC were conducted to determine the influence of the
catalyst and temperature on the decomposition reaction. In a typical experiment, the
initial mixture contained approximately 6.5 g of 3Nox, 8.4 g of water, and a mass of

catalyst that varied between 0 and 2 g.
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Figure 19. Temperature and pressure profiles obtained during a HWS experiment with 3Nox and
0.1 g of catalyst (Experiment 3)

Table 5. Details of experiments for the study of the decomposition of 3Nox using the
isothermal mode of the APTAC

Temperature 3Nox Water Catalyst Mass Lost O, moles
(°C) (9) (9) (9) (9) calculated
250 6.56 8.45 0.0 0.24 0.008
250 6.56 8.46 0.1 0.70 0.022
250 6.56 8.45 0.3 0.79 0.025
250 6.56 8.46 1.0 0.73 0.023
250 6.64 8.56 2.0 0.71 0.022
240 6.53 8.42 0.1 0.73 0.023
240 6.57 8.47 0.3 0.87 0.027
230 6.53 8.42 0.1 0.78 0.024
230 6.53 8.22 0.3 0.67 0.021

The temperatures selected for the study were based on the results obtained from the
HWS experiments. Table 5 shows the details of the experiments performed in isothermal

mode with 3Nox. Scanning experiments at 210 °C with different amounts of catalyst (0.1
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and 0.3 g) were also performed but they are not included in Table 5 because no exotherm

was detected for the 1000 min duration of those measurements.

The decomposition of 3Nox was very slow during experiments performed at 230 °C and
240 °C, even when 0.3 g of catalyst was used. For this reason, the rest of the experiments
were conducted at 250 °C. Figure 20 shows the temperature and pressure profiles

generated during the experiments listed in Table 5.
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Figure 20. Temperature profiles from isothermal experiments with 3Nox in the APTAC
at different temperatures and catalyst amounts

During isothermal experiments, the APTAC controls the power supplied to the heaters
so the cell is maintained at a constant temperature. Because of the unavailability of
cooling in the APTAC, there is a small increase in the sample temperature during the
reaction. The power supplied to the heaters is then reduced so that heat losses allow the

sample to return to the measurement set-temperature. Once an exotherm is identified, the
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APTAC switches over to adiabatic mode if the two criteria described in Subsection 3.2.2

are met.

During the isothermal experiments shown in Figure 20 it can be seen that the
decomposition reaction caused a temperature increase of 3 °C. However, this increase
was not fast enough to make the APTAC switch over to adiabatic mode. Instead, the
power supplied to the heaters was decreased to maintain isothermal conditions, so the
experiment was not adiabatic during this time and the real temperature rise cannot be
observed. However, these measurements were useful to observe the effect of temperature
on the decomposition of 3Nox. As shown in Figure 20, the decomposition reaction
occurs earlier at higher temperatures. At 230 °C, the reaction is detected after 800 min,
while at 240 °C it can be detected after approximately 450 min. That is, increasing the
temperature by 10 °C reduced the detection time by almost half. At 250 °C, the

decomposition starts 120 min after the set temperature is reached, at around 200 min.

With regards to the effect of the catalyst on the decomposition of 3Nox, it can be seen in
Figure 20 that there are mixed results. During the experiment at 250 °C and 0 g of
catalyst, no temperature increase was observed throughout the experiment. However, the

pressure profile revealed that the decomposition was occurring slowly (See Figure 21a).

Experiments at 230, 240, and 250 °C were initially performed with 0.1 g and 0.3 g of
catalyst to compare its effect at different temperatures. In all experiments performed, the
“onset” of the decomposition of 3Nox occurred later when 0.3 g of catalyst were used, as
compared to 0.1 g. However, the difference in detection of the onset was small compared
to the duration of the test; the difference between the times at which the maximum
temperature was recorded was only 80 minutes for the experiments at 250 °C, 35
minutes for the experiments at 240 °C, and 75 minutes for the experiments at 250 °C.

The same effect was also identified during the HWS experiments conducted as seen in
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Figure 18, i.e., the experiment performed with 0.3 g of catalyst showed a later onset of

decomposition compared to the experiment performed with 0.1 g of catalyst.

At first sight, it appeared that a higher amount of catalyst delayed the decomposition
reaction. In order to confirm this trend, experiments with a higher mass of catalyst (1 and
2 g) were conducted at 250 °C. However, it can be seen in Figure 20 that increasing the
mass of catalyst showed the opposite trend, i.e., a larger mass of catalyst accelerated the
decomposition reaction. Nevertheless, a tenfold increase in the amount of catalyst (from
0.1 g to 1 g) only decreased the time at which the maximum temperature was recorded
by 32 minutes. A stronger effect was observed in the experiment with 2 g of catalyst, in
which the decomposition started approximately 120 min after the set temperature was
reached. Additionally, a temperature increase of 5 °C was observed with a faster
decomposition rate than the rest of the experiments. However, it must be pointed out that
a catalyst mass of 1 or 2 g is too large to be used in an N-oxidation reaction for the
production of the employed amount of 3Nox. In reality, a much smaller quantity would
be used. The large amounts of catalyst used in this study aimed at magnifying the effect
of the catalyst on the N-oxide decomposition and to determine whether there was a

correlation between the catalyst concentration and the decomposition rate.

According to the results obtained, it is difficult to draw a straightforward conclusion
regarding the effect of the catalyst on the decomposition of 3Nox. It is likely that
different decomposition mechanisms occur depending on the concentration of catalyst in

the mixture.

Figure 21a and Figure 21b show the pressure and pressure rate profiles, respectively,
during the isothermal decomposition of 3Nox at 250 °C, employing different amounts of
catalyst. From Figure 21a it can be seen that the decomposition of 3Nox without catalyst
was slowly occurring at 250 °C, although no temperature increase can be observed in

Figure 20. Additionally, Figure 2la shows that the pressure increase in all the
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experiments performed with 0.1 g or more of catalyst reached approximately the same
maximum pressure of 52 bar at 250 °C, meaning that nearly the same amount of gases

was produced.
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Figure 21. a) Pressure profiles and b) pressure rate profiles generated during the isothermal
decomposition of 3Nox in the APTAC at 250 °C and different amounts of catalyst
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It is observed in Figure 21a that after the exotherm finished, the pressure continues
increasing at a much slower rate, which indicates a change in the mechanism of
decomposition of 3Nox. In Figure 21b, the first peak observed corresponds to the
heating step of the experiment, when the reaction mixture is brought from ambient
temperature to the isothermal test temperature. During the heating step, the padding gas
pressure increases, along with the vapor pressure of the mixture. The second peak
observed in the profiles shown in Figure 21b corresponds to the decomposition of 3Nox.
During the decomposition reaction, the pressure increases due to the temperature

increase and the generation of non-condensable gases.

In the case of the experiments performed with 0.1 g, 0.3 g, and 1.0 g of catalyst, it can be
seen in Figure 21a-b that although the decomposition reaction is detected at different
times, the reaction occurs at approximately the same rate in all three cases (see Table 6),
indicating the lack of sensitivity of 3Nox to the amount of catalyst. It can be seen that
the decomposition of 3Nox is accelerated only when a large mass of catalyst are used.
As shown in Figure 21a, the decomposition of 3Nox using 2 g of catalyst is not only
detected much earlier, but it also occurs at a faster rate. From Figure 21b and Table 6, it
can be seen that the pressure rate of the experiment performed with 2 g of catalyst nearly

doubles the pressure rate of the other experiments conducted at 250 °C.

Table 6. Maximum pressure rate for experiments shown in Figure 21 and Figure 22

Tem?oecl:‘?tu re Catalyst (g) Max. pressure rate (bar/min)
250 0.10 0.147
250 0.30 0.148
250 1.00 0.154
250 2.00 0.294
240 0.10 0.125
230 0.1 0.070
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Figure 22. a) Pressure profiles and b) pressure rate profiles generated during the isothermal
decomposition of 3Nox in the APTAC at different temperatures, employing 0.1 g of catalyst

Figure 22a and Figure 22b show the pressure and pressure rate profiles, respectively,
during the isothermal decomposition of 3Nox at different temperatures, employing 0.1 g

of catalyst. It is clear from these figures that temperature accelerates the decomposition
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of 3Nox, as expected. The slope of the pressure rise (Figure 22a) indicates the rate of the

reaction.

The behavior of 3Nox proved to be different from that of 2-picoline-N-oxide (2Nox),

which decomposition was studied by Saenz et al.>

The results published by Saenz et al.
indicate that the decomposition of 2Nox is accelerated by both temperature and catalyst
mass. In addition, 2Nox is more sensitive to the mass of catalyst; an increase of 0.1 g in
the catalyst mass had a stronger effect in the decomposition of 2-picoline-N-oxide
(2Nox) than in the decomposition of 3Nox. Additionally, 3Nox was found to be more
stable than 2Nox at higher temperatures. According to Saenz, the decomposition of
2Nox is detectable at temperatures as low as 192 °C, using 0.3 and 0.5 g, within 1000
minutes. Instead, the decomposition of 3Nox was not detected at 210 °C within the same
time, 1000 min, when using 0.1 and 0.3 g of catalyst. Also, while the decomposition of
2Nox at 250 °C using 0 g of catalyst started as soon as the set temperature was reached,
the decomposition of 3Nox at the same conditions occurred slowly (Figure 21a) and
when using 2 g of catalyst, at the same temperature of 250 °C, it was detected after 200

min, which as mentioned earlier, is a large mass of catalyst.

The mass lost during the experiments provided a rough estimation of the amount and
type of non-condensable gases generated during the decomposition reaction. It was
assumed that the main pathway in the decomposition of 3Nox is the detachment of the
oxygen atom from the 3Nox molecule to form oxygen gas (O,), as proposed by Saenz-
Noval.?? In order to verify this assumption, the mass lost, i.e., the difference between the
initial and final sample weights, was used to calculate the number of O, moles produced
during the decomposition, and these values were compared to the oxygen moles
contained in the initial 3Nox sample. Table 5 contains the number of O, moles
calculated for each experiment and Figure 23 shows a visual comparison of the O, moles

calculated and the moles contained in the 3Nox sample.
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Figure 23. Comparison of O, moles calculated from mass lost during the decomposition of
3Nox at different temperatures and catalyst amounts. The dotted line indicates the O, moles
contained in the initial 3Nox mass

It can be seen in Figure 23 that in all cases, the number of O, moles calculated from the
mass lost during isothermal experiments were lower than the number of moles contained
in the initial mass of 3Nox (0.03 moles). This indicates that not all the 3Nox was
consumed in the decomposition. However, it is possible that not all the 3Nox reacted to
form oxygen gas, but also other compounds. The red dot in Figure 23 represents the
experiment conducted at 250 °C with 0.0 g of catalyst, in which the decomposition was

very slow. Therefore, the mass lost was considerably lower for this experiment.

The samples collected at the end of the experiments were analyzed using Gas-
Chromatography/Mass spectrometry (GC/MS). However, because only volatile
components can be detected using GC/MS, the samples were also analyzed using
Liquid-Chromatography/Mass Spectrometry (LC/MS). All samples were analyzed at the
Laboratory for Biological Mass Spectrometry in the Chemistry Department at Texas
A&M University.
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GC/MS was performed on Ultra GC/DSQ (ThermoElectron, Waltham, MA). The
chromatographic column used was a Rxi-5ms with dimensions of 60 m x 0.25 mm X
0.25 um (Restek; Bellefonte, PA). Helium was used as a carrier gas at a constant flow of
1.5 ml/min. Split (1:50) injection was used. The column temperature was maintained at
50°C for 5 min, then raised to 320°C at 20°C/min. The transfer line and ion source were
held at 250°C. The mass spectra were acquired in full scan mode in the range of 30-500

m/z.

The LC/MS analysis was performed on a LCQ-DECA, ThermoFinnigan with Surveyor
HPLC system (ThermoFinnigan, San Jose, CA), using a Betasil C18 column (Thermo
Hypersil-Keyston, Bellefonte, PA) of 2.1 x 150 mm x 3 pm. The mobile phase was
solvent A (10 MM Ammonium acetate, pH 5.8) and B (acetonitrile), with a flow rate of
300 pL/min. Table 7 shows the solvent gradient used throughout the LC/MS analysis.

For the MS, Electrospray lonization (ESI) in positive mode was used for ionization.

Table 7. Solvent gradient used during LC/MS analyses

Time Solvent A Solvent B
(min) (%) (%)

0 100 0

3 100 0

20 0 100

24 0 100

25 100 0

30 100 0

In all the samples collected, the mixture contained a solid black residue, the mass of
which was larger than the mass of catalyst added initially. This means that the solid
residue was constituted not only by the catalyst, but also by other products formed

during the decomposition of 3Nox. For the GC/MS and LC/MS analyses, the sample was
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dissolved in different solvents and centrifuged. However, the black solid precipitated in

all cases and for this reason only the liquid residue was analyzed.

Figure 24a and 24b show typical chromatograms obtained during the GC/MS analyses. It
can be seen in Figure 24a that the main decomposition product found was 3-picoline.
Many other compounds were detected, which produced small peaks in the
chromatogram, as seen in Figure 24b. However, due to the complex nature of the
mixture, it is not possible to identify with certainty the components detected in the
GC/MS.

Figure 25 shows a typical chromatogram obtained during the LC/MS analyses. Same as
the GC/MS analyses, 3-picoline was identified as the main component of the
decomposed mixture. Both the GC/MS and LC/MS analyses confirm the assumption that
the main mechanism of decomposition of 3Nox involves the detachment of oxygen from

the 3Nox molecule to form 3-picoline.
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Figure 25. Typical chromatogram obtained from LC/MS analyses of samples from the
decomposition of 3Nox

The LC/MS analyses also showed residues from 3Nox, which confirmed that not all
3Nox was converted to 3-picoline during decomposition. This could have happened
because of catalyst poisoning, because an equilibrium was reached, or perhaps there is a
concentration of 3Nox beyond which the mechanism changes and the rate of reaction is
so slow that thermal effects are no longer measurable. Residues from pyridine (m/z = 80)
were also present in the final mixture. It is important to point out, however, that 3-
picoline was not found to decompose up to the tested temperature of 400 °C (see
Subsection 4.1). Therefore, the origin of the small amounts of pyridine found in the
sample is not known with certainty, as it may have resulted from potential

decomposition reactions or it could also be present as an impurity in the initial mixture.

Many other compounds of different mass-to-charge ratio (m/z) were detected in the
LC/MS analyses; most m/z are listed in Table 8. The m/z ratios with higher intensity in
the mass spectra are highlighted in red in Table 8; m/z ratios higher than 300 were very
weak in the mass spectra and in the chromatogram, indicating that those compounds
were present only in low concentrations or traces. The high m/z ratios obtained in the
LC/MS analyses indicate that polymerization reactions likely occurred during the
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decomposition of 3Nox. However, the mechanism and pathways involved in the

decomposition of 3Nox were beyond the scope of this study.

Table 8. Molecular weight of base molecules and corresponding molecular weight if two or
more base molecules are combined. Mass to charge ratios (m/z) obtained in LC/MS analyses of
samples from 3Nox decomposition

Molecular weight®

(g/mole) X2 x3 x4 X5

Pyridine 80 160 240 320 400

3-picoline 93 186 279 372 465

3Nox 109 218 327 436 545

Combination of base molecules* Molecular weight® (g/mole)
(1) pyridine  + (1) 3-picoline 173
(1) pyridine + (1) 3Nox 189
(1) 3-picoline + (1) 3Nox 202
(1) pyridine  + (1) 3-picoline + (1) 3Nox 282
(1) pyridine + (2) 3-picoline 266
(1) pyridine  + (2) 3-picoline + (1) 3Nox 375

m/z detected in LC/MS'

80.07 180.85 239.5 340.96 399.12
92.06 185.35 276.23 341.37 428.62
94.13 187.25 278.30 355.12 443.12
110.11 189.63 282.99 356.25 468.88
140.98 199.31 289.75 364.45 476.34
150.66 201.28 292.26 383.18 481.26
166.18 215.25 304.25 385.59 484.84
171.38 225.60 325.08 396.52
Notes:

* the numbers in parenthesis indicate the number of molecules
S numbers highlighted in blue indicate molecular weights that approximately match m/z ratios detected in the LC/MS
" numbers highlighted in red indicate m/z ratios with higher intensity in the mass spectra
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Unfortunately, the LC/MS equipment only provides the m/z ratios of compounds
detected, but it does not identify the compounds by name. However, if pyridine, 3-
picoline, and 3Nox are assumed to be the base molecules for the formation of other
substances during the decomposition of 3Nox, the combination of these base molecules
gives molecular weights that match some of the m/z ratios obtained in the LC/MS
analyses. Table 8 shows the molecular weight of the assumed base molecules and the
molecular weights that would be obtained when two or more base molecules are
combined with the same or different type base molecules. However, the numbers shown
in Table 8 do not account for any atoms lost when molecules bond. The molecular
weights that match m/z ratios detected in the LC/MS are highlighted in blue in Table 8.

Potential structures of some of the compounds formed are shown in Figure 26.
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Figure 26. Potential structures formed during the decomposition of 3Nox
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4.2.2 Decomposition of 3Nox in presence of hydrogen peroxide with and without

catalyst

This study represents the case in which a runaway reaction can trigger the decomposition
of the product, if the temperatures reached are sufficiently high. In the N-oxidation of
alkylpyridines, hydrogen peroxide accumulates in the reaction mixture towards the end
of the dosing period, when the concentration of alkylpyridine has dropped to a value
such that the rate of the N-oxidation is no longer competitive. A cooling failure or
similar upset can lead to a runaway decomposition of hydrogen peroxide, particularly
when an excess of this reactant is used. The consequences of the runaway will depend on
the amount of hydrogen peroxide accumulated in the reactor and the reaction conditions.
The decomposition of 3Nox in the presence of hydrogen peroxide, with and without
catalyst, was studied to assess the potential consequences if a runaway reaction occurs
towards the end of the dosing period, when a significant amount of hydrogen peroxide

has been accumulated.

The methodology followed to perform the experiments is identical with the one
described in previous sections, but the HWS was conducted between 50 and 270 °C,
using heating steps of 10 °C. The amounts of 3Nox, water, and hydrogen peroxide were
the same in all experiments, except for one (experiment 2) where only half of the amount
of hydrogen peroxide was used to determine the effect of accumulation on the
decomposition of 3Nox. The amount of water in experiment 2 was increased to maintain
the same sample mass for all experiments. The amount of catalyst varied between 0.0 g
and 0.2. Table 9 summarizes the details of the measurements presented in this

subsection.

71



Table 9. Details of the experiments with 3Nox, hydrogen peroxide and catalyst

Exp. 3Nox (g) H,0, wt. 35 % (g) Water (Q) Catalyst (g)
1 1.53 7.00 7.00 0.00
2 1.53 3.50 10.50 0.00
3 1.53 7.00 7.00 0.10
4 1.53 7.00 7.00 0.20

Figure 27a-b show the temperature and pressure profiles generated during the
experiments listed in Table 9. Three different thermal behaviors can be observed from
Figure 27a-b. The first case is represented by experiment 1 (orange markers), where no
catalyst was used and the concentration of hydrogen peroxide in the mixture was high. In
this case, the “onset” temperature for the decomposition of hydrogen peroxide occurred
around 100 °C. The reaction quickly accelerated, reaching a temperature higher than the
“onset” temperature of decomposition of 3Nox. In the temperature profile, it can be seen
that a change in the rate of the reaction occurs in the last few minutes of the experiment.
The change in the rate occurs when the decomposition of hydrogen peroxide has finished
and only 3Nox continues to decompose. However, the pressure generated during the
decomposition of hydrogen peroxide (Figure 27b) reached a value close to the shutdown
criteria of the equipment, and therefore, the experiment finished shortly after the
decomposition of 3Nox had started. This experiment, which had the highest

temperatures and pressure rates generated, represents the worst case scenario.

In the second case (experiment 2 — purple markers), where no catalyst and a lower
concentration of hydrogen peroxide were used, only the decomposition of hydrogen
peroxide was detected. The “onset” temperature of decomposition was around 120 °C,
and due to the low concentration of hydrogen peroxide in the mixture and the absence of
catalyst, the reaction occurred slowly with an adiabatic temperature rise (ATag) of 95
°C. Once the decomposition of hydrogen peroxide finished, the HWS continued until the
end of the experiment without detecting another exotherm.
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hydrogen peroxide 35 wt. %, employing different amounts of catalyst

From previous results obtained for the decomposition of 3Nox, it is known that in the

absence of catalyst,

likely some decomposition of 3Nox occurred during experiment 2, but the self-heat rate

the decomposition occurs very slowly at 250 °C. Therefore, most
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did not exceed the detection threshold of the APTAC. This experiment demonstrates the
importance of limiting the accumulation of hydrogen peroxide in the reactor, as it has a

dramatic effect on the severity of the consequences.

In the third case (experiments 3 and 4 — blue and green lines, respectively), both
decomposition reactions were detected. The presence of the catalyst decreased the
“onset” temperature of decomposition of hydrogen peroxide, but the maximum
temperatures reached were far below the temperature of decomposition of 3Nox. The
“onset” temperatures for the decomposition of hydrogen peroxide were decreased to 90
°C for experiment 3 (0.1 g of catalyst) and to 80°C for experiment 4 (0.2 g of catalyst),
with adiabatic temperature rises of 95°C and 87°C, respectively. After the
decomposition of hydrogen peroxide finished, the HWS continued until it detected the
decomposition of 3Nox at a temperature of 236 °C in both experiments, once again

showing the lack of sensitivity of 3Nox to the amount of catalyst.

The decrease in the “onset” of the decomposition of hydrogen peroxide decreases the
severity of the consequences of a runaway reaction, if hydrogen peroxide is not
accumulated in large amounts. The reason for this is that at lower temperatures, the
decomposition of hydrogen peroxide would occur at a slower rate, and the maximum
temperature reached would be far below that of the decomposition of 3Nox. This is only
if the accumulation of hydrogen peroxide is low. Otherwise, the temperature rise can be
sufficiently high to trigger the decomposition of the 3Nox, potentially leading to
catastrophic consequences. It can be seen in Figure 27b that experiments 1, 3, and 4
reached the set pressure criteria for the shutdown of the equipment, while experiment 2

was allowed to continue through the end of the experiment.
Figure 28 shows the self-heat rate as a function of temperature during the decomposition

of hydrogen peroxide for the experiments included in this subsection. It can be seen in

Figure 28 that although the increase in the mass of catalyst from 0.1 to 0.2 g decreased
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the “onset” temperature of decomposition of hydrogen peroxide, the maximum self-heat
rate was lower in the experiment with 0.2 g of catalyst (experiment 4). This is because
the rate of reaction increases with temperature and concentration. In experiment 4, the
“onset” occurs at a lower temperature, thus the rate of reaction is lower. The reaction
increases the temperature of the mixture, but at the same time, the concentration of
hydrogen peroxide decreases until it has decomposed fully, producing no more heat.
Also seen in Figure 28 is the dramatic difference between the two experiments
performed with 0.0 g of catalyst. The self-heat rate of the experiment with more
hydrogen peroxide was two orders of magnitude higher than the experiment performed
with less hydrogen peroxide. This is also due to the dependency of the reaction rate on

temperature and concentration.
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Figure 28. Heat rate profiles during the decomposition of hydrogen peroxide 35 wt. %, in the
presence of 3Nox, employing different amounts of catalyst
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4.2.3 Decomposition of higher order alkylpyridine N-oxides

The decomposition of 3,5-lutidine-N-oxide (35Nox); 2,6-lutidine-N-oxide (26Nox); and
2,4,6-collidine-N-oxide (246Nox) was briefly studied in order to identify the onset
temperature of decomposition. The samples used for this study were prepared in our
laboratory. They were taken from the final mixture of the N-oxidation of the

corresponding parent alkylpyridine.

The N-oxidation of 3,5-lutidine was performed using 1 g of catalyst, which was fully
dissolved in the product mixture obtained (see subsection 6.2). The N-oxidation of the
remaining two alkylpyridines was performed using 10 g of catalyst, which were also
fully dissolved in the final product mixtures. The composition of those mixtures is
reported in Section 6.2 and 6.3. No additional catalyst was added to the samples used for
experiments in the APTAC.

All experiments were conducted in HWS mode, and a pressure of approximately 1.7 bar
(25 psi) of nitrogen was initially applied to the reaction cell to avoid rapid vaporization
of the sample. The sample mass in all experiments was 15 g, although the proportion of
alkylpyridine N-oxide solution to water was changed in the experiments with 26Nox to
observe the effect of the concentration of 26Nox on the decomposition reaction. Table

10 shows the details of the experiments conducted.

Figure 29 shows the temperature and pressure profiles obtained during the
decomposition of 35Nox. The “onset” of the decomposition reaction was detected
around 250 °C. The pressure generated during the experiment reached the shutdown
criteria of the equipment, and therefore, the experiment finished before the reaction
reached completion.
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Table 10. Details of experiments conducted with higher order alkylpyridine N-oxides

- —
Compound HWS range Heating step Solution Water

(°C) (9) (9)

3,5-lutidine-N-oxide 120-280 °C 5 15.00 0.00
2,6-lutidine-N-oxide 150-280 °C 10 7.54 7.50
2,6-lutidine-N-oxide 50-280 °C 10 11.25 3.75
2,4,6-collidine-N-oxide 150-280 °C 10 15.03 0.00

*Note: The term “solution” refers to the final mixture obtained from the N-oxidation of the corresponding
alkylpyridine in the RC1e

Before the experiment finished, the temperature rise due to the decomposition was 50
°C. Similar to the decomposition of 3Nox, the decomposition of 35Nox produced non-
condensable gases, and a black solid and liquid residue was observed in the final

mixture.
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Figure 29. Temperature and pressure profiles obtained during the decomposition of 35Nox
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Figure 30a-b show the temperature and pressure profiles obtained during the
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decomposition of 26Nox, using different initial quantities of 26Nox.

experiments, the “onset” of the decomposition was detected around 250 °C; however,
due to the difference in concentration of 26Nox in the samples, the temperature and
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pressure profiles of the two experiments are different. From Figure 30a, it can be seen
that the exotherm occurs very slowly and finishes within 200 min, with an adiabatic
temperature rise of 15 °C. At the same time, there is a pressure increase of 18.6 bar.
Once the exotherm finished, the HWS continued until the upper temperature limit set

was reached.

For the experiment with a higher amount of 26Nox (Figure 30b), the decomposition
occurs at a faster rate. However, the pressure generated by the non-condensable gases
produced in the reaction reached the shutdown criteria of the equipment and the reaction
did not reach completion. The adiabatic temperature had risen by 32 °C when the
equipment shut down and the pressure had increased by 35.5 bar, though these values
would have been higher if the equipment had not shutdown. The final sample collected

was constituted by a black liquid and solid residue.
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Figure 31. Temperature and pressure profiles obtained during the decomposition of 246Nox
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Figure 31 shows the temperature and pressure profiles obtained during the
decomposition of 246Nox. The “onset” temperature of decomposition of this compound,
230 °C, was lower than that of the other N-oxides included in this study. The pressure
generated during the experiment reached the shutdown criteria of the equipment, and
therefore, the experiment finished before the reaction reached completion. The adiabatic
temperature had risen by 54 °C when the equipment shut down and the pressure had
increased by 46.7 bar, though these values would have been higher if the equipment had
not shut down. The final sample collected was mostly composed of a black tar with

thicker consistency than the residues obtained from the decomposition of other N-oxides.

4.3 Conclusions

This section was concerned with the study of the thermal stability of alkylpyridines and
their N-oxides under different conditions. The main purpose of this study was to ensure
that operating conditions used do not compromise the safety of the process nor the
quality of the materials involved in the reaction. The main findings presented in this

section are summarized below:

The thermal stability study of 3-picoline; 3,5-lutidine; 2,6-lutidine; and 2,4,6-collidine
did not reveal any exothermic behavior. Therefore, these compounds are considered
thermally stable up to the tested temperature of 400 °C. On the contrary, all
corresponding alkylpyridine N-oxides decompose at temperatures above 230 °C. Non-
condensable gases were generated during the decomposition of all N-oxides included in
this study. All final samples from the decomposition of N-oxides contained a black
liquid and a solid residue, the mass of which was higher than the initial mass of catalyst
in the sample. This means that the solid residue was constituted not only by the catalyst,
but also by other products formed during the decomposition.
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The effect of temperature and catalyst concentration on the decomposition of 3Nox was
studied using isothermal tests in the APTAC. These tests indicated that 3Nox
decomposes significantly at temperatures above 230 °C, and that an increase in
temperature accelerates the rate of the decomposition. Conversely, 3Nox appears to have
low sensitivity to small changes in the catalyst concentration. The rate of the
decomposition reaction using 0.1 g of catalyst was slightly faster than when using 0.3 g
of catalyst at all temperatures tested. Only when excessive amounts of catalyst were used
was the decomposition of 3Nox accelerated. This behavior may suggest that different
decomposition mechanisms occur depending on the concentration of catalyst in the

mixture.

Samples collected at the end of experiments with 3Nox were analyzed by GC/MS and
LC/MS. The analyses revealed that the main product of the decomposition of 3Nox is 3-
picoline, which confirms that one of the main pathways of the decomposition involves
the detachment of oxygen from the 3Nox molecule; the analyses also showed that not all
3Nox was consumed in the decomposition reaction. In addition, multiple compounds of
a wide range of m/z ratios were detected in LC/MS analyses. This indicates that the
decomposition of 3Nox occurs through a complex mechanism in which some

polymerization likely occurs, accompanied by the generation of non-condensable gases.

Experiments involving 3Nox, hydrogen peroxide and catalyst demonstrated the dramatic
effect of the accumulation of hydrogen peroxide in the reaction mixture. A runaway
decomposition of hydrogen peroxide may increase the temperature of the mixture
sufficiently to trigger the decomposition of the N-oxide, leading to severe consequences.
This finding emphasizes the importance of maintaining a low accumulation of hydrogen

peroxide throughout the process.

81



5. STUDY OF THE N-OXIDATION OF 3-PICOLINE USING
ISOTHERMAL CALORIMETRY"

This section presents the results of measurements performed in two isothermal
calorimeters, the HEL-SIMULAR and the RC1e, which have been previously described
in Subsection 3.2.1. Preliminary experiments with 3-picoline were conducted in the
HEL-SIMULAR isothermal calorimeter to study the effect of an increase of temperature
and catalyst mass on the N-oxidation reaction. The results of preliminary experiments
are shown in Subsection 5.1. A full 2 factorial design of experiments was used in order
to complement preliminary studies and to determine the factors that have the strongest
effect on the conversion of 3-picoline; these experiments were performed in the RCle
and the results are shown in Subsection 5.2. Calculations of the power output and

enthalpy of the N-oxidation of 3-picoline are also included in this section.

5.1  Study of the N-oxidation of 3-picoline in the HEL-SIMULAR Isothermal

Calorimeter

Presently, the industrial N-oxidation of alkylpyridines is carried out in an open semi-
batch reactor to allow for the generated oxygen to escape. Hydrogen peroxide in
approximately 50% excess is added gradually to the reactor so as to control the heat

generated and the accumulation of hydrogen peroxide in the reactor.

Previous works on the N-oxidation of alkylpyridines have proposed a kinetic model for
the N-oxidation of alkylpyridines based on a Langmuir-Hinshelwood type of kinetics.>"

> This type of kinetics involves fast equilibrium reactions to form intermediates that

“ Part of this section is reprinted with permission from “Inherently safer reactors: Improved efficiency of
3-picoline N-oxidation in the temperature range 110-125 °C” by A. Pineda-Solano, L. Saenz-Noval, S.
Nayak, S. Waldram, M. Papadaki and M. S. Mannan, 2012. Process Safety and Environmental Protection,
90, 5, 404-410, Copyright [2012] by Institution of Chemical Engineers.
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then react to form the final products. The kinetic model developed shows that the N-
oxidation reaction is proportional to the concentration of both alkylpyridine and
hydrogen peroxide, while the hydrogen peroxide decomposition rate is proportional to
the square of hydrogen peroxide concentration. Therefore, the selectivity towards the N-
oxidation is favored by low concentrations of hydrogen peroxide and by maintaining a
low accumulation of this reactant. Also, previous studies have suggested that the
selectivity of the synthesis reaction can be improved if more favorable operating
conditions (higher temperatures) for the N-oxidation are used.

The primary objectives of this study were to investigate whether a reasonable process
temperature and catalyst concentration exist at which the N-oxidation is so fast that
practically no hydrogen peroxide decomposes, and to identify the maximum conversion
of 3-picoline that can be achieved before hydrogen peroxide decomposition becomes

competitive.

Table 11. Details of measurements presented in Section 6.1. In all measurements 1.933 mole of
3-picoline was added in the reactor with the catalyst dissolved in 15 g of water before mixed
with the picoline. In all cases 188 g of H,O,, 35 wt. % aqueous solution (1.933 mole of H,0,)
were dosed at the same constant rate of 0.25 g/min. P, (pressure at T,) = 0.99 bar. T¢ indicates
final temperature after cooling and before venting.

Exp Temp. Catalyst T, Tt Pressure at Ty  moles of H,O,
(°C) (o) (°C) (°C) (bar) decomposed

A 125 6 21.6 22.6 1.1 -

B 125 2 25.6 22.5 1.7 0.12
C 125 4.2 22.1 21.3 2.4 0.20
D 125 4.2 24.8 21.2 1.8 0.12
E 125 3 25.3 22.1 1.7 0.11
F 120 6 25.4 21.2 1.7 0.10
G 110 4.2 24.3 20.7 1.6 0.10
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Isothermal calorimetric measurements were conducted in the HEL-SIMULAR
isothermal calorimeter at 110 °C, 120 °C, and 125 °C using 2, 3, 4.2, or 6 g of catalyst
and approximately 2 mole of alkylpyridine per batch. For the purpose of this study,
unlike the industrial process, only stoichiometric quantities of reactants were used. The
dosing of material was done at the slowest possible rate in order to ensure practically
zero accumulation of hydrogen peroxide at all times. The details of each measurement
are shown in Table 11. Unless otherwise reported, the experimental procedure followed
during the calorimetric measurements discussed in this section was as explained in
Subsection 3.2.1. One of the measurements performed at 125 °C was identical to the
ones performed for the 3-picoline N-oxidation, however, instead of hydrogen peroxide, it

employed an equal amount of pure water dosed over the 3-picoline-catalyst mixture.

The final conversion of 3-picoline was estimated from the difference between the initial
and final pressures. The initial pressure, Py, is the pressure measured once the reactor is
closed and before it begins to heat up; it is equal to the pressure of the air plus the vapor
pressure of the mixture at ambient temperature. Likewise, the final pressure, P,, is
measured at the end of the experiment, once the reactor has been completely cooled
down to ambient temperature (~23 °C). The final pressure accounts for the air pressure,
the vapor pressure of the mixture, and the oxygen generated throughout the course of the

reaction.

Due to lack of information in the literature, it was assumed that the vapor pressures of
the initial and final mixtures are equal to the vapor pressure of water. Since the initial
and final pressures are both measured at ambient temperature, the change in the vapor
pressure of the mixture would be equal to zero. The error introduced by this assumption
is insignificant given that both 3-picoline and its N-oxide are by far less volatile than
water. The pressure of the non-condensable gases is also affected by the headspace
volume contraction owing to the addition of hydrogen peroxide. Thus, the partial

pressure of the oxygen generated can be calculated as follows:

84



AP02=P2_P1._ (Eq.l?)

where V; and V, are the volume of the vessel headspace before and after dosing,
respectively. The oxygen moles generated during the reaction are calculated with the
ideal gas law. At the conditions of the reaction, the accumulation of hydrogen peroxide
in the reactor at the end of dosing is zero. Thus, the hydrogen peroxide that has been

added into the reactor has either decomposed or reacted with 3-picoline.

From the stoichiometry of the hydrogen peroxide decomposition reaction, the moles of
hydrogen peroxide that decomposed are equal to the oxygen moles multiplied by two.
Similarly, from the stoichiometry of the N-oxidation reaction, the number of moles of
hydrogen peroxide that participated in the N-oxidation is equal to the number of moles
of 3-picoline that reacted to form 3-picoline-N-oxide. Therefore, the final conversion of
3-picoline can be calculated, as shown below:

nH202 dec = 2 ' nOZ (Eq 18)
Ny,o0, reacted = NH,0, added — MH,0, dec (Eq. 19)
NH,0, reacted = N3—picreacted (Eq. 20)
X _ N3_pic reacted (Eq 21)
3—-pic =

n3—pic loaded

where ng, , ny,o,, and nz_p;. are the moles of oxygen, hydrogen peroxide, and 3-

picoline, respectively, and X is the final conversion of 3-picoline.

3-pic

The increase of pressure during the course of the reaction was used to assess the extent

of the decomposition. For this purpose, it was necessary to determine the contribution of
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the vapor pressure of the mixture to the overall pressure increase. The pressure of the
vapors of the initial mixture, which is 70 mole % 3-picoline, is much lower than that of
water. Water is added into the system as part of the aqueous hydrogen peroxide solution
and it is also produced via the reactions. Consequently, its molar concentration in the
mixture rapidly increases, inevitably provoking a respective increase in the reactor
pressure. In order to assess the influence of water concentration on the experiments,
experiment A, shown in Table 11, where pure water was added over 3-picoline, was

performed.
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Figure 32. Comparison of the pressure profiles of measurement A (blue) and B (orange). On the
right hand axis are shown the cumulative addition (--) and temperature (---), which is identical
for both measurements A and B. The dotted horizontal line indicates the vapor pressure of water
at 125 °C

Figure 32 shows a typical profile of the reactor temperature and pressure profiles during
measurement B of Table 11, performed at 125 °C, and the respective measurement A

performed under identical conditions but employing water instead of hydrogen peroxide.
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As can be seen in Figure 32, the pressure profile of the measurement A with water shows
a steep pressure rise during the first 80 min, during which 20-30 g of water has been
added, followed by a smoother pressure rise until approximately 400 min, when
practically half of the amount of water has been added. The first steep rise is most likely
owed to water (or mixture) rapid evaporation, so that the mixture reaches its equilibrium
pressure which is higher than the existing one. The speed of pressure rise is most likely
controlled by the heat transferred to the reactor by the jacket, which has to provide the
energy for heating of water to the reactor temperature and the latent heat for the

evaporation.

The reactor pressure at the time dosing started was approximately 2 bar-a, and the
reactor contained 1.933 mole of alkylpyridine and 0.83 mole of water. Because of its low
molar mass compared to that of 3-picoline, water mole fraction in the mixture rapidly
increases, affecting significantly the overhead equilibrium pressure. When 20 g of water
had been added in the reactor, water mole fraction in the mixture was over 0.5, after the
addition of 40 g of water in total, its mole fraction rose to over 0.6; when half of the
water had been added it was 0.7, and its mole fraction when all water had been added
was 0.85.

Water vapor pressure at 125 °C is 2.32 bar-a, shown with a gray dotted line in Figure 32,
as opposed to approximately 0.65 bar-a vapor pressure of 3-picoline. As the molar
composition of the mixture changes, water vapors are rapidly formed. The pressure rise
of measurement B, shown here in orange dots, does involve a steep pressure rise in the
beginning, but with a smaller slope than the one involving pure water. This pressure rise
is slower, because water is not added directly, but formed through a reaction, and also
due to the formation of N-oxide, which has a lower vapor pressure than 3-picoline,

which it replaces in equimolar quantities.
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As can be seen in Figure 32 and Table 11, the overall pressure increase in measurement
B with reaction was 0.7 bar, while in the measurement with water the pressure increase
was practically only half of that. So, the change of pressure due to the increased vapor
pressure of the mixture is significant and cannot be neglected or grossly approximated.

Water and 3-picoline form homogeneous mixtures at any composition in the temperature
range examined, with a significant enthalpy of mixing.®” Therefore, the mixture is not
expected to be ideal and Raoult’s law is not expected to apply. The vapor pressure of the
initial mixture was calculated as explained later and the vapor pressure of an ideal
solution was compared with the measured vapor pressure of the system to have an idea

of the degree of non-ideality of the mixture.
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Figure 33. Pressure of vapors as measured (red) and as calculated (blue) at 125 °C, assuming
Raoult’s law. The thick, solid black line shows the water vapor pressure, and the thick, gray line
shows the vapor pressure of 3-picoline. The thin, black line shows the change of water mole
fraction, and it is read on the secondary axes of the figure
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Figure 33 shows the vapor pressure of measurement A, employing water, and the total
pressure that the mixture should have, if it behaved as an ideal solution, as a function of
the mole fraction of water. The values of the vapor pressure of the mixture were
calculated from the measured pressure after subtraction of the pressure of the air
contained in the system. The latter was calculated as pressure increase of the gas initially

contained in the headspace of the reactor, according to the ideal gas law.

As can be seen in Figure 33, the system of 3-picoline and water displays negative
deviations from Raoult’s law. However, the pressure of the system during the first 100
min of dosing could well be controlled by the rate of heat supply in the reactor, so the
accuracy of those values has to be tested in a different calorimeter. Consequently, the
evaluation of the contribution of vapors in the overall changes of the system pressure is

not an easy task.

Table 12. Vapor pressure of solutions of 2 mole of 3-picoline with 15 g of water and a few
grams of phosphotungstic acid. The numbers in bold are the arithmetic average of the vapor
pressure values at the respective temperature shown in column 2

Vapor Pressure Average vapor From DIPPR

Temperature (°C) (bar) pressure Project 801%°

0.553
0.540
0.470
125 0.524 0.589 0.585
0.627
0.705
0.703

0.379
120 0.354 0.395 0.502
0.454

0.247
110 0.921 0.234 0.364
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The measured for 1 h equilibrium pressure values of the alkylpyridine was averaged for
each measurement performed at 110, 120 and 125 °C, and the average of all
measurements at a specific temperature was fitted to an Antoine type equation for 3-
picoline vapor pressure. The values of vapor pressures obtained from ten different
measurements are shown in Table 12. In the same table the values of DIPPR project
801%° properties are also shown. As can be seen in Table 12, there is a good agreement in
the value of the vapor pressure at 125 °C between the values obtained experimentally in
this work and DIPPR project 801.%

Experimental vapor pressure values together with the normal boiling point of 144.1 °C*
were fitted to an Antoine equation (Equation 22). Figure 34 shows the experimental
points employed with open circles and the Equation 22 calculations with closed squares.
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Figure 34. Vapor pressure of the initial reaction mixture: 180 g of 3-picoline and 15 g of water.
Experimental values are shown in open circles and calculated values via Equation 22 are shown
in closed squares
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As mentioned earlier, the addition of hydrogen peroxide was chosen to be very slow. In
order to prevent back pressure, the end of the addition tube was positioned above the
liquid level so that hydrogen peroxide was dripping in the liquid content of the reactor.
However, the high temperatures of the measurements resulted in a substantial
decomposition of hydrogen peroxide in the air, before it reached the alkylpyridine
solution. The metal dosing tube was therefore extended so that its tip was submerged
into the liquid. This resulted in a substantial reduction of gas generation. However, the
gas generation was still significant because the metal tube was catalyzing hydrogen
peroxide decomposition. As the dosing tube could not be replaced, a nylon tube was
inserted inside most of the length of the metal tube. This resulted in a significant

reduction of hydrogen peroxide decomposition.

The residual pressure after the reactor was cooled and HPLC measurements performed
on the liquid showed that less than 5% of hydrogen peroxide had decomposed and the

conversion of 3-picoline was over 95%.

Figure 35 shows two measurements (C and D in Table 11) performed using the metal
dosing tube submerged in the liquid (measurement C) and the dosing tube with the
inserted nylon tube (measurement D). Both measurements were performed otherwise
under identical conditions. The cumulative dosed mass is shown on the right-hand
ordinate as a function of time. On the left-hand ordinate, the measured pressure for each
measurement is shown. Also, shown on the left hand ordinate are the normalized

pressures of the two measurements.

The normalization of pressure was performed by subtracting the pressure of
measurement A, using water, from the respective measured pressures of experiments C
and D. As can be seen from the comparison of the latter two, in the measurement where
hydrogen peroxide was in direct contact with the metal tube, the pressure rise due to the

production of oxygen (1.2 bar) was twice the value of the pressure generated in the one
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with the nylon tube (0.6 bar). The conversion of 3-picoline in the latter was over 95%. It
is worth mentioning here that the nylon tube did not eliminate contact of hydrogen
peroxide with the metal; it merely reduced the area of contact. It is thus expected that
even in the measurements where the nylon tube was used, some hydrogen peroxide
actually decomposed before reaching the alkylpyridine. In other words, it is believed that
carefully selected inert materials for the transport of hydrogen peroxide may further

enhance the efficiency of the N-oxidation.
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Figure 35. Total and normalized pressure history of measurements C (purple) and D (green).
Measurement C was performed with a metal dosing tube, while in measurement D, a nylon tube
was inserted inside the metal tube. On the right-hand axis the dosed mass is read, which is
identical for both measurements

Figure 36 shows the pressure rise during dosing in three measurements performed at 125
°C, employing different masses of catalyst. The inset figure shows the normalized
pressure for the three measurements; the normalization was conducted in a similar

manner as discussed earlier.
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As can be seen in Figure 36, the catalyst does not seem to have any positive effect in the
range of catalysts used. Similar results were obtained for the measurements performed at
110 and 120 °C. The differences shown are well within the experimental error, although
there is an indication that at the higher temperature (125 °C) there is an optimum
quantity of catalyst beyond which, catalyst has a detrimental effect on the N-oxidation,
probably by enhancing hydrogen peroxide decomposition. This has been further
investigated using the RC1e calorimeter and the results which confirm this indication are
reported in Subsection 5.2.1. In addition, adiabatic tests conducted by Saenz-Noval®

using the APTAC also indicate that phosphotungstic acid accelerates the decomposition

of hydrogen peroxide.
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Figure 36. Pressure history of three N-oxidations at 125 °C (measurements B, D, and E)
employing different masses of catalyst. Inset figure: normalized pressure of measurements
shown in the main figure. The mass dosed, which is identical for all three measurements, is read
on the right-hand axis

Figure 37 shows the effect of temperature for three measurements performed at different

temperatures (measurements D, F, and G in Table 11). In one of them (measurement F), a
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higher amount of catalyst was employed. In Figure 37a, the measured pressure for each
experiment is shown. However, the comparison is not straightforward since the pressure
of vapors is different in each of them. The normalized pressure values are shown in
Figure 37b. This time normalization was performed by subtraction of the equilibrium
pressure value before dosing from all subsequent pressure values of the respective
measurement. The effect of the reactor headspace volume reduction due to mass addition
was ignored. It must be pointed out however, that this approach is approximate. Thus,

the conclusions cannot be accurate.

As can be seen in Figure 37b, the pressure stabilizes in all three cases as soon as dosing
is stopped. This clearly indicates, that at the end of dosing, when the rate of the N-
oxidation is the slowest in this process, there is no significant accumulation of hydrogen
peroxide in the reactor, hence no hazard of its runaway exists. Consequently, at those
higher temperatures tested in this study (compared to lower temperatures used in
previous studies), high conversions can be achieved without the need to increase much
the temperature or the catalyst concentration.

In Figure 37b, the normalized pressure rise during the course of the reaction appears to
increase faster at higher temperature, indicating more decomposition of hydrogen
peroxide. However, all three measurements display practically the same pressure
profiles, and in all three of them 0.1 mole of hydrogen peroxide was found to have
decomposed. Thus, the increased pressure rise at higher temperatures can be merely due
to the error associated to the normalization of the pressure. Alternatively, this may
indicate that hydrogen peroxide decomposition may have happened before it came in
contact with the liquid solution and not in the course of the reaction. It is worth
mentioning here that the measurements at 120 °C and 110 °C were performed with the
bare metal dosing tube. Thus, it appears that the catalytic decomposition of hydrogen
peroxide because of the contact with the metal is significant at higher temperatures.

However, additional studies are needed to investigate this possibility.

94



4 - 200

T 180
' 125°C  © 160

3 ] 120°C

- 140
- 120
~ 100
- 80
- 60
- 40
- 20

Pressure (bar)
Mass added (g)

0 200 400 600 800
Time (min)

12 A 200

] _—rr
160
- 140
- 120
© 100
- 80
- 60
- 40
20

Pressure (bar)
o o

» [e0)

Mass added (g)

o ¢
SN
T R R L

o
(N

200 400 600 800
Time (min)

Figure 37. a) Total pressure, and b) Normalized pressure profiles as a function of time for three
N-oxidations of 3-picoline at different temperatures (measurements D, F and G)

5.2  Study of the N-oxidation of 3-picoline Using a Factorial Design of

Experiments

The experiments with 3-picoline N-oxidation discussed in the previous section and the

work of Saenz-Noval®® performed with 2-picoline N-oxidation led to the same
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conclusion that the temperature appears to play an important role, but the role of the
catalyst is unclear. The effect of the catalyst was possibly masked by the temperature
effect, or because the quantities of catalyst used were in excess of the kinetically
required amount, or because other parameters were left constant. During the experiments
conducted by Saenz-Noval®® and the experiments discussed in Subsection 5.1, the
stirring rate, as well as the dosing rate, were kept constant in all experiments. However,
it is scientifically necessary to determine the role of as many parameters as possible that
can affect the reaction.

The main objective of this study is to obtain a clear understanding of the effect of each
parameter of interest for the N-oxidation of alkylpyridines and determine which ones are
the most significant. For this work, the N-oxidation of 3-picoline was used as a case
study. The information obtained from this study is key for the design of inherently safer
and more efficient N-oxidation of alkylpyridines, and the results from this study can be

extended to other members in the alkylpyridine family.

A two-level full factorial design of experiments (DOE) was used in order to determine
the variables — or factors — that have the strongest effect on the conversion of 3-picoline,
the response variable. The design chosen for the current work was a 2* factorial design
for four independent variables: temperature (A), catalyst mass (B), dosing rate (C) and
stirring rate (D). The factor levels were selected based on preliminary experiments,
safety of the operation, and operability at the conditions selected. All experiments for the

factorial DOE were performed in the RC1e isothermal calorimeter.

Preliminary experiments discussed in Section 5.1 showed that it is not necessary to use
temperatures higher than 125 °C to obtain a high conversion of 3-picoline. Therefore, a
temperature of 125 °C was set as the high level for the factorial design. The typical
amount of catalyst used for the N-oxidation of alkylpyridines is 7 g of catalyst / 300 g of
alkylpyridine. For the experiments performed in the RCle calorimeter, 240 g of 3-
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picoline were used, so the normal amount of catalyst would be 5.6 g. It was decided to

set the catalyst levels as 1 and 10 g, respectively.

All preliminary experiments discussed in the previous section were performed at the
same dosing rate of 0.25 g/min. The use of this dosing rate would prevent the
accumulation of hydrogen peroxide in the reactor, thus limiting the decomposition.
However, using this dosing rate in the experiments discussed in this section would lead
to a dosing time of 16.7 h. This dosing would be extremely slow and not viable in an
industrial process. Therefore, it was decided to start with a dosing rate of 0.5 g/min
which would still be sufficiently slow to prevent accumulation, but at the same time it
would reduce the dosing time by half. The high level of dosing rate was set based on
preliminary experiments not reported here. It was determined that a dosing rate higher
than 4 g/min would lead to a high heat generation and temperature increase, which
would be difficult to control by the calorimeter. Additionally, the pressure generation
could be very fast, depending on the other operating conditions, which could endanger
the operator and the equipment.

For the stirring rate, the low level was set at the normal 250 rpm (revolutions per
minute). The high level of the stirring rate was selected based on the operability of the
equipment. Stirring rates greater than 400 rpm cause the liquid to go over the allowed

level in the RC1e. Therefore, the high level of stirring rate was set at 400 rpm.

Table 13 contains the 16 required runs for the 2* full factorial design. The upper part of
the table displays the factors coded as (-1) for the low level and (1) for the high level of
each factor. In addition, two center points were added to the design, coded as (0). The
last column of the upper section of the table contains the values obtained for the
response variable, i.e., degree of conversion of 3-picoline. The lower part of the table
shows the actual values of the factor levels.
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Table 13. Experimental matrix for the full 2* factorial design with center points

Run Temperature  Catalyst  Dosing rate Stirring rate Xa-pic
1 -1 -1 -1 -1 0.97
2 1 -1 -1 -1 0.95
3 -1 1 -1 -1 0.98
4 1 1 -1 -1 0.97
5 -1 -1 1 -1 0.63
6 1 -1 1 -1 0.81
7 -1 1 1 -1 0.98
8 1 1 1 -1 0.97
9 -1 -1 -1 1 0.94
10 1 -1 -1 1 0.96
11 -1 1 -1 1 0.97
12 1 1 -1 1 0.95
13 -1 -1 1 1 0.74
14 1 -1 1 1 0.83
15 -1 1 1 1 0.96
16 1 1 1 1 0.97
17 0 0 0 0 0.97
18 0 0 0 0 0.96
Levels
Factors
-1 0 1
Temperature (°C) 110 1175 125
Catalyst (g) 1 55 10
Dosing rate (g/min) 0.5 2.25 4
Stirring rate (rpm) 250 325 400

The experiments were conducted randomly to avoid systematic errors. However, Table
13 shows the runs in the standard order of a factorial design of experiments.

Table 14 shows the uncoded factors and quantities necessary to calculate the conversion

of 3-picoline.
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Table 14. Details of factorial design runs. Initial mixture composition: 240.1 g (2.578 moles) of 3-picoline, and catalyst dissolved in 20 g
of water. P; (pressure at T;) = 0 barg. T indicates final temperature after cooling and before venting. V; =271 ml, and V, =52 ml. All

experiments were performed in the RC1e isothermal calorimeter.

Temp. Catalyst Dosing Stirring Mass T, T, APO, H,O, 3-picoline | 3-picoline
Run (0) © ratfa rate dosed C °C) (bar) no, moles moles conv.
(g/min) (rpm) (9) decomp. reacted

1 110 1 0.5 250 250.45 | 22.77 | 22.98 1.635 0.045 0.090 2.488 0.97
2 125 1 0.5 250 250.45 | 22.96 | 25.68 2.247 0.061 0.123 2.455 0.95
3 110 10 0.5 250 250.45 | 23.02 | 23.01 0.933 0.026 0.051 2.527 0.98
4 125 10 0.5 250 250.45 | 22.90 | 22.99 1.604 0.044 0.088 2.490 0.97
93.70 21.94 | 23.30 5.831 0.198 0.396 0.569 0.22

5 110 1 4 250 95.45 24.66 | 23.60 6.164 0.185 0.370 0.613 0.46
61.30 24.29 | 20.64 3.454 0.096 0.192 0.439 0.63

125.18 | 23.01 | 23.23 2.749 0.090 0.179 1.109 0.43

0 125 1 4 250 125.27 | 24.07 | 22.99 5.410 0.149 0.298 0.991 0.81
7 110 10 4 250 250.45 | 22.85 | 22.99 1.069 0.029 0.059 2.519 0.98
8 125 10 4 250 250.45 | 22.88 | 22.86 1.258 0.035 0.069 2.509 0.97
9 110 1 0.5 400 250.45 | 22.34 | 22.99 2.872 0.079 0.158 2.420 0.94
10 125 1 0.5 400 250.45 | 22.97 | 22.99 1.757 0.048 0.097 2.481 0.96
11 125 10 4 400 250.45 | 23.22 | 23.00 1.570 0.043 0.087 2.492 0.97
12 110 10 0.5 400 250.45 | 23.61 | 22.99 1.316 0.036 0.073 2.506 0.97
141.20 | 23.21 | 22.98 6.531 0.209 0.418 1.035 0.40

13 110 ! 4 400 109.25 | 22.94 | 23.00 4.432 0.122 0.244 0.880 0.74
160.45 | 23.07 | 22.96 4.365 0.136 0.273 1.379 0.53

14 125 1 4 400 90.00 22.89 | 22.96 2.872 0.079 0.158 0.768 0.83
15 110 10 4 400 252.45 | 22.97 | 22.98 1.711 0.047 0.094 2.484 0.96
16 125 10 0.5 400 251.45 | 2352 | 22.99 2.297 0.063 0.127 2.451 0.95
17 1175 55 2.25 325 250.45 | 22.70 | 22.99 1.505 0.042 0.083 2.495 0.97
18 1175 55 2.25 325 250.45 | 23.54 | 22.96 1.678 0.046 0.093 2.486 0.96

Note: Highlighted rows indicate experiments with more than one dosing step. For these experiments, the cumulative conversion was calculated for each

step.
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It can be seen in Table 13 and Table 14 that in most runs, the conversion of 3-picoline
obtained was between 0.94 and 0.98; four of the runs fell below this range, and they are
highlighted in Table 13 and Table 14. All runs that resulted in conversions lower than
0.9 were performed at the low level of catalyst (-1) and high level of dosing rate (1).

Table 15 shows the results of the statistical analysis performed in the software Minitab
16. For the statistical analysis, it was assumed that three and higher order interactions are
negligible for the model and were instead used to estimate the standard error (see
subsection 3.2.3).2* % Main and interaction effects were estimated, along with the
coefficients of the linear model and the standard error of the coefficients. The test of
statistical significance shows that the only significant effects at the 5% probability level
(P<0.05) are the catalyst amount, dosing rate, and the interaction between these two
factors. All effects with a P value lower than 0.05 were significant. The fit model
presented a square correlation coefficient (R?) of 95.66%, fitting well the statistical

model. The conversion of 3-picoline can then be expressed via the following equation:

X3_pic = 0.912 + 0.057B — 0.049C + 0.051BC (Eq. 23)

where B represents the catalyst level and C represents the dosing rate level. Equation 23
has the values of the factors coded and its levels are valid only to the levels described in
Table 13.

It can be seen in Table 15 that the effect of the catalyst mass is positive, meaning that an
increase of catalyst produces an increase in the conversion of 3-picoline, the response
variable. On the other hand, the effect of the dosing rate is negative, which means that an
increase in dosing rate from the low level to the high level leads to a decrease in the
conversion of 3-picoline. However, the interaction effect between the mass of catalyst
and dosing rate is positive, meaning that an increase in the dosing rate associated with an

increase in the catalyst mass leads to an increase in the conversion of 3-picoline.
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Table 15. Estimated effects and statistical significance of the full 2* factorial design for the N-
oxidation of 3-picoline using Minitab 16

Term Effect” Coef". SE Coef. P-value

Constant 0.912 0.009 0.000
Temperature 0.0313 0.016 0.009 0.119
Catalyst 0.114 0.057 0.009 0.001
Dosing -0.098 -0.049 0.009 0.001
Stirring 0.009 0.004 0.009 0.617
Temperature*Catalyst -0.040 -0.020 0.009 0.057
Temperature*Dosing 0.037 0.019 0.009 0.073
Temperature*Stirring -0.007 -0.004 0.009 0.682
Catalyst*Dosing 0.101 0.051 0.009 0.001
Catalyst*Stirring -0.020 -0.010 0.009 0.291
Dosing*Stirring 0.019 0.009 0.009 0.313
Center Point 0.054 0.026 0.080
Standard error 0.034

Square correlation factor (R?) 95.66%

*Note: The effects and coefficients for the linear model are given in coded units. Coef: Coefficient, SE
Coef: Standard error of the coefficient, Ct Pt: central point

Figure 38 shows the 2-factor interaction plots. These plots show the change of a factor
depending on the levels of another factor. The green lines represent the high level and
the black lines represent the low level of the corresponding factors. The red dot
represents the center point. The numbers at the top horizontal axis represent the coded
levels high (1), low (-1) and center point (0). The vertical axis on the right represents the
response variable, in this case, the conversion of 3-picoline, for which the range is 0-1
(or 0-100%). Parallel lines in an interaction plot mean that there is no interaction

between the factors. An interaction is present when the lines cross each other.

It can be seen from Figure 38 that that the catalyst-dosing rate is the strongest

interaction. When the catalyst mass is at the low level and the dosing rate is at the high
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level there is not enough catalyst for the N-oxidation and because of the high dosing rate,
hydrogen peroxide is accumulated. Higher accumulation of hydrogen peroxide leads to
more decomposition because the rate of the decomposition reaction is proportional to the
square of the concentration of hydrogen peroxide. In contrast, when both the catalyst
amount and dosing rate are at the low level, there is no accumulation of hydrogen

peroxide and therefore, the N-oxidation reaction becomes more competitive.
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Figure 38. Interaction plots for conversion of 3-picoline obtained from Minitab 16

Other important interactions are those of temperature-catalyst, and temperature-dosing
rate. All the interactions with stirring rate seem to be weak. This means that for the
arrangement and levels used for this study, the stirring rate did not have a strong effect
on the conversion of 3-picoline. However, it must be taken into account that as the
volume of the reactor increases, mixing effects are more prominent, thus, the effect of

the stirring rate would likely be more significant.
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Figure 39 shows a Pareto chart of the absolute value standardized effects at the 5%
significance level. For this type of applications, a Pareto chart is a tool that displays the
relative importance of factors in a format that is easy to interpret. This plot visually
represents the absolute values of the effects of the main factors and the effects of their
interaction. The significance of the effects is represented by the length of its
corresponding bar.% Factors and interactions with an absolute standardized value of the
effect higher than 2.447 were significant at the 5% significance level. The absolute
standardized value of the effect of each factor and interaction appear at the right of each

bar.
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Figure 39. Pareto chart of standardized effects obtained from Minitab 16. The response variable
is conversion of 3-picoline; alpha=0.05

The largest effects, as shown by the statistical significant test, were the catalyst mass,
dosing rate, and the interaction between those two factors, with the catalyst mass being

the factor with the largest effect. Although the dosing rate is important, the interaction
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with the catalyst mass is slightly more significant than the main factor (dosing) alone.
This information would not be acquired using an univariate procedure for the study of
the N-oxidation of alkylpyridines, where the factors are varied one at a time while
maintaining the other factors fixed.

The center points were used to obtain the standard error of the coefficients, determine
curvature in the model and to test the reproducibility of the experiments. It can be seen
in the interaction plots (Figure 38) that there is a slight curvature when the levels are
changed from the lower to the higher level going through the central point. However,
according to the P value, the center point was not significant in the chosen model
(P=0.08) at the 5% significance level.
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Figure 40. Normal probability plot of standardized residuals

A normal probability plot of the data in terms of standardized residuals was also
generated in Minitab 16 in order to confirm the normality of the data. The residual plot
was used to evaluate the goodness of fit in the regression analysis and ANOVA (analysis

of variance). The normal probability plot of residuals is generally used to verify the
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assumptions of the ordinary least squares are adequate to produce unbiased coefficient
estimates with minimum variance.®® As shown in Figure 40, all of the points in the
normal probability plot of the standardized residuals are fairly close to the straight line,
which indicates that the data satisfy a normally distributed population.

5.2.1 Analysis of pressures

Figure 41 shows the pressure increase during the experiments conducted at the center
point. It can be seen that there is a slight difference between the curves, even though
they were performed at identical conditions. The estimated conversions for the center
point differ in 1%. Thus, this is the error associated with all measurements. However, it
was observed that higher stirring rates caused more noise in pressure and power

measurements.
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Figure 41. Pressure increase during two replica experiments conducted at the center point.
Conditions: 117.5°C, 5.5 g of catalyst, dosing rate of 2.25 g/min and stirring rate of 325 rpm
(runs 17 and 18 in Table 14)
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Figure 42. Pressure increase during two replica experiments conducted at 117.5°C, 5.5 g of
catalyst, dosing rate of 2.25 g/min and stirring rate of 250 rpm.

Experiments conducted at the same temperature, catalyst mass and dosing rate as the
center point, but using a stirring rate of 250 rpm were almost identical, and the
conversions obtained differed only by 0.02%. However, these measurements are not part
of the factorial DOE (See Figure 42).

Figure 43 shows the normalized pressure of measurements at the high and low levels of
temperature (110 °C and 125 °C) and catalyst mass (1 and 10 g) and high level of dosing
rate (400 rpm). The normalization was performed by subtraction of the equilibrium
pressure value before dosing from all subsequent pressure values of the respective
measurement. The effect of the reactor headspace volume reduction due to mass addition
was ignored. As mentioned earlier in Subsection 5.1, this approach is approximate, thus
the conclusions are not accurate. However, this analysis provides a good estimation and

understanding of the behavior of the N-oxidation at different conditions.

As can be seen in Figure 43 the measurements performed at 110 °C and 125 °C, both at
high level of catalyst mass (10 g), are very similar, with the measurement performed at

125 °C having a slightly larger pressure increase. Adiabatic tests have shown that self-
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decomposition of hydrogen peroxide becomes very vigorous at temperatures higher than
120°C.%2 In addition, it has also been shown in previous studies that the catalyst
accelerates the decomposition of hydrogen peroxide.®? The 10 g of catalyst used in the
measurement at 125 °C (run 8 in Table 14) was likely a much larger mass of catalyst than
the kinetically required mass at that temperature. Consequently, the combination of high
temperature and high catalyst mass in run 8 likely increased the decomposition of
hydrogen peroxide. A lower mass of catalyst combined with a high temperature may be
appropriate to reduce the decomposition. However, the catalyst mass cannot be too low
such that it is not sufficient to make the N-oxidation competitive. Further studies are

needed to determine the optimum mass of catalyst to use at a given temperature.

In the case of the experiments performed with low catalyst mass (see Figure 43), the
decomposition of hydrogen peroxide was so vigorous that the pressure generated
reached the maximum operating pressure of the reactor; consequently, dosing of
hydrogen peroxide had to be stopped and the reactor was then cooled down and vented.
For the measurement at 110 °C and 1 g of catalyst (run 5 in Table 14), dosing had to be
interrupted twice, while in the measurement performed at 125 °C and 1 g of catalyst (run
6 in Table 14), dosing was interrupted once. Typically, as a precautionary measure,
dosing of hydrogen peroxide to the reactor was interrupted before the pressure reached
the maximum operating pressure. Due to the high dosing rate, it was known that the
large accumulation of hydrogen peroxide would cause the pressure to continue

increasing, even after dosing was interrupted.

Figure 43 shows only the first dosing step of each of the two measurements conducted at
the low level of catalyst mass. It can be seen in Figure 43 that the pressure generated in
the first dosing step of the experiment at 110 °C and 1 g of catalyst was more than 4
times the pressure increase of the entire experiment performed at the high catalyst level
(10 g). In the case of the measurement at 125 °C and 1 g (run 6 in Table 14), the pressure

increase for the first dosing step was about twice the pressure increase for the entire
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experiment performed at high catalyst mass. With regards to the pressure rates, it can be

seen that the pressure rate increases much faster during the measurement at 110 °C.

7 - 3 - 300
’-‘g 6 ] 110°C, 1 .................. L 250
2 ° N - 200 3
a 1 | r o
8 4 - § 110°C, 10g | L
s | . - 150 °
}?NJ 3; ' 125°C, 10g 2
S 100 S
£ 7 . 125°C, 1g !
211 T/ 50
,’%—'—-—
0 ’*AV"V'N LI B B B B B L B | LU B B B B N B S B B B B B N B N B B B N B 0
0 10 20 30 40 50 60 70 80

Time (min)

Figure 43. Normalized pressure increase of runs at different temperatures and mass of catalyst.
All runs shown in this figure were performed at 250 rpm and 4 g/min (Runs 5 to 8 from Table
14)

The vertical dashed line in Figure 43 indicates the point where dosing was interrupted
for the first time in the experiment at 110 °C and 1 g of catalyst, which was after adding
93.75 g of hydrogen peroxide solution. The vertical solid line represents the point at
which dosing was interrupted in the measurement at 125 °C and 1 g of catalyst, which
was after adding 125.18 g of hydrogen peroxide solution. Figure 44a-b show the
complete measurement data for the experiments conducted at 110 °C and 125 °C at the

low level of catalyst amount.

For the measurement at 110 °C and 1g shown in Figure 43, the pressure continued to
increase about 1.3 bar after interrupting dosing (refer to Figure 44a), which indicates
there was an accumulation of hydrogen peroxide in the reactor. In contrast, for the

measurement at 125 °C and 1g, even though a larger amount had been dosed before
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dosing was interrupted, the pressure increased by only 0.57 bar (refer to Figure 44b).
This is due to the faster rate of the N-oxidation at 125 °C, which limits the accumulation

of hydrogen peroxide.
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Figure 44. Pressure history of the N-oxidation of 3-picoline at two different temperatures using
1 g of catalyst. (a) 110 °C (run 5 from Table 14); (b) 125 °C (run 6 from Table 14). A dosing rate
of 4 g/min and a stirring rate of 250 rpm were used in both experiments shown. Pressure is read
in the left-hand ordinate and the mass added is read in the right-hand ordinate.
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The conversion of 3-picoline obtained in the experiment at 125 °C (run 6 in Table 14)
was 81%, while the conversion in the experiment at 110 °C (run 5 in Table 14) was only
63%. Despite the fact that the catalyst mass/temperature interaction was not found
statistically significant, it can be seen from Figure 43 and Figure 44 that there is a quite
noticeable interaction, which can make the difference in the efficiency of the process.
The catalyst mass/temperature interaction shows that the effect of the catalyst at the low
level changes with the different levels of the temperature. In other words, this interaction
shows that a low mass of catalyst may be inadequate when operating at 110 °C, but it is
much less adequate when operating at 125 °C. Although severe decomposition
accompanied of pressure generation occurred in both experiments, there was much less

decomposition in the experiment at 125 °C.
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Figure 45. Normalized pressure increase during the N-oxidation of 3-picoline at different
temperatures and mass of catalyst. All runs shown in this figure were performed at 400 rpm and
4 g/min (runs 13 to 16 in Table 14)

Similar conclusions can be drawn from measurements conducted at the high level of

stirring rate (Figure 45). Although in this case, the measurement performed at 110 °C
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and 1 g of catalyst (run 13 in Table 14) was benefited by the higher stirring, which
contributed to a better distribution of hydrogen peroxide. In this measurement, more
hydrogen peroxide was added before dosing had to be interrupted. However, because of
the larger amount added, there was also more hydrogen peroxide accumulation. As a

result, after dosing was stopped, the pressure was increased further by 1.84 bar.

From Figure 43 and Figure 45, it can be seen the benefit of the catalyst at the high
dosing rate, at both high and low levels of temperature. It is also observed that when the
catalyst mass is high, an increase in temperature provides no benefit, at least in the range
of temperatures selected. This is consistent with the interaction plots shown in Figure 38.
However, this finding disagrees with previous studies that indicate a positive effect of
the temperature on the selectivity towards the N-oxidation reaction.”® > " Overall, it can
be concluded that the temperature can have a positive effect on the N-oxidation of
alkylpyridines up to a certain level, where its effect becomes detrimental by promoting
the thermal decomposition of hydrogen peroxide, particularly when combined with a
large mass of catalyst.

Figure 46 shows runs 1-4 (see Table 14), which were performed at 250 rpm and 0.5
g/min. All runs performed were finished without interrupting dosing. From Figure 46, it
can be seen that the experiment with the lowest pressure increase, and consequently the
higher conversion of 3-picoline, was the experiment conducted at 110 °C and 10 g of
catalyst. In contrast, the experiment with the highest pressure increase was the one

performed at 125 °C and 1 g of catalyst.

The measurement at 110 °C and 1 g of catalyst in Figure 46 is of particular interest. It
can be seen that the pressure increase is linear for most of the measurement up to the
point where about 222 g of the hydrogen peroxide solution have been added. After this
point, the slope of the pressure increase curve becomes much steeper. The linear increase

of the pressure indicates that the reaction is limited by dosing and that the pressure
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increase is the result of the reduction of the headspace (gas volume). As this indicates
that the decomposition of hydrogen peroxide is insignificant up to this point, the
conversion of 3-picoline can therefore be estimated at approximately 88%. Due to the
sharp increase at the end of the experiment, the run at 110 °C and 1 g of catalyst, which
seemed to be going smoothly and without significant decomposition, ended up having

about the same increase as the measurement at 125°C and 10 g of catalyst.
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Figure 46. Normalized pressure increase during the N-oxidation of 3-picoline at different
temperatures and masses of catalyst. All runs shown in this figure were performed at 250 rpm
and 0.5 g/min (runs 1 to 4 from Table 14)

Figure 47 shows different runs performed at 0.5 g/min and 400 rpm. The same
phenomenon as in Figure 46 was observed in the measurement at 110 °C and 1 g of
catalyst; at a certain point, the slope of the pressure increase changes abruptly. However,
in this case, the point where the slope changes occurs earlier, after 196 g of hydrogen
peroxide solution have been added. At this point, the conversion of 3-picoline can be

estimated at approximately 78%. Same as in Figure 46, the pressure increase in all
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measurements shown in Figure 47 is linear up to a certain point, and then the pressure

increase occurs much more rapidly.

From Figure 47, it can be seen that the measurements at 110 °C and 1 g of catalyst (run 9
in Table 14), 125 °C and 1 g of catalyst (run 10 in Table 14), and 125 °C and 10 g of
catalyst (run 18 in Table 14) follow almost the same pressure profile up to the point of
the abrupt change. This abrupt change occurs at the point where the decomposition of
hydrogen peroxide becomes more competitive. At this point, the concentration of 3-
picoline is low enough to slow down the rate of the N-oxidation reaction. Because of

this, hydrogen peroxide starts accumulating and the decomposition rate is accelerated.

110°C,10g 50

5 3 300
4.5 110°C, 1 g

B 4
g ] ‘ >
= 35 1 P
o ] = 200 =
S ] 125°C,1g . ! C
é 3 ] o t 3
(<5 4 -’ L
s 254 A\ 150 g
° ] 125°C, 10 g I "
N2 2 ‘ i 8
o T\ [
g 15 3 - 100 =
o ] [
< :
} ........

0 = ‘

0 100 200 300 400 500
Time (min)

Figure 47. Normalized pressure increase during the N-oxidation of 3-picoline at different
temperatures and catalyst mass (runs 9 to 12 in Table 14). All runs shown in this figure were
performed at 0.5 g/min and 400 rpm

The plots in Figure 48 represent the interaction of catalyst and stirring rate, i.e., it shows
how the pressure changes when the experiments are run with the same mass of catalyst

but different stirring rates, while the dosing rate and temperature are kept constant.
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Figure 48. Normalized pressure during the N-oxidation of 3-picoline at different conditions.
These plots represent the interaction of catalyst and stirring rate at constant temperature and
dosing rate. a) 110 °C and 0.5 g/min (runs 1, 3, 9 and 12); b) 125 °C and 0.5 g/min (runs 2, 4, 10
and 16); c¢) 110 °C and 4 g/min (runs 5, 7, 13 and 15); d) 125 °C and 4 g//min (runs 6, 8, 11 and
14)

Although the catalyst-stirring rate interaction is not statistically significant according to
the factorial design analysis, it can be seen in Figure 48 that there is a difference between
experiments run at the same temperature, catalyst mass, and dosing rate but different

stirring rate.

For the experiments performed at the high level of catalyst (10 g), it can be seen in
Figure 48a-d that the experiments run at the high level of stirring rate (400 rpm) resulted
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in higher pressure increases, and therefore, more decomposition and lower conversions.
The normalized pressures are overlapped up to a certain point where the pressure of the
experiment at higher stirring starts increasing slightly faster than that of the experiment
at low stirring rate. This effect is more obvious in the experiments performed at a low
dosing rate (Figure 48a-b). However, the difference in conversion for the experiments
performed at the high levels of catalyst mass and stirring rate is equal or lower than 2%,
which is close to the estimated experimental error of 1%. This finding indicates that the
effect of the stirring rate when the mass of catalyst is high is practically insignificant,
and that the differences observed in the normalized pressures may be purely visual.
Nevertheless, these are preliminary observations. Mixing issues change with the size,
geometry and configuration of a reactor, for which is necessary to perform appropriate
mixing studies taking into account the specifics of the reactor to be used.

In contrast, most of the experiments performed at the low level of catalyst (1 g) seem to
be benefited by the higher stirring rate, except the experiment performed at 110 °C, 1g
and 0.5 g/min (run 9), which seemed to be affected negatively by the higher stirring rate.

The experiments performed at low catalyst (1 g) and high dosing rate (4 g/min) were
favored by the high stirring rate (400 rpm), at both temperatures tested. In particular, the
experiments performed at 110 °C, 1 g of catalyst and 4 g/min (runs 5 and 13) showed the
biggest difference. The conversion obtained from the experiment with high stirring rate
(run 13) was 11% higher than the corresponding experiment performed at low stirring
rate (run 5). Figure 48c-d only show the first dosing step of runs 5, 6, 13, 14. The
complete plots have already been shown in Figure 44a-b. In Figure 48d, which shows
experiments conducted at 125 °C and 4 g/min, it seems like from the two experiments
performed at low catalyst, the experiment performed at high stirring rate (run 14)
presents a higher pressure increase than the respective experiment at low stirring rate

(run 6). However, Figure 48d only shows the first of two dosing steps of both
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experiments; the final conversion obtained with the experiment at high stirring rate (run

14) was actually 2% higher than the experiment performed at low stirring rate (run 6).
5.2.2 Calorimetric analysis

A calorimetric analysis was conducted on the experiments performed as part of the
factorial DOE in order to determine the heat of reaction, total energy released by the
synthesis reaction, and power profiles during the experiments.

Calorimetric calculations were done based on an energy balance over the reactor
previously shown in Equation 3. The dimensions of all terms in the equation are thermal

power and the units used in calculations were Watt (W).

ern = Qflow - Qcal + Qdos + Qacc + baseline (Eqg. 3)
where

Qxn is the total power generated by both reactions, the N-oxidation of alkylpyridines
and the decomposition of hydrogen peroxide

Qnow IS the power exchanged with the cooling medium (oil jacket)

Qcal is the power from the electrical heater which is typically used during the
calibrations, but can be also used during the experiment to assist fast heating; it
is measured directly

Qdos is the power needed to bring the dosed material to the temperature of the
reaction mixture

Qace is the accumulated power. During isothermal operation this term is zero.

The term baseline includes the power due to stirring and the power losses

The power exchanged with the oil jacket, Qqo., Can be calculated according to Equation
24:
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Qfiow = UA(T, — T)) (Eq. 24)

U s the overall heat transfer coefficient, in W/(m?-°C);
A s the area of heat exchange (wet area), in m?;
T, is the temperature of the reactor, in °C; and

T; is the temperature of the oil jacket, in °C.

The oil circulates in the jacket around the reactor at a very high speed, such that the
difference between the temperature at the inlet and outlet of the jacket is practically zero.
The power used to bring the dosed material to the reaction temperature, Qgps, IS

calculated using Equation 25:

Qdosing = Tfle (T, — Tdos) (Eg. 25)

where
m is the flow mass of material dosed to the reactor
C, isthe heat capacity of the dosed material

T40s IS the temperature of the dosed material

As mentioned in Section 3.2.1, the lid of the reactor was heated with rapid circulating
oil. It is expected that the dosing tube, which is inserted through the lid, would be heated
up as well, along with the dosing material, particularly at low dosing rates. Since it was
not possible to insert a thermometer inside the dosing tube, it has been assumed that the
dosing temperature, Ty.s, IS equal to the ambient temperature in the laboratory.
However, there is an unaccounted for power, which is provided to the dosed material as

it crosses the lid.
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The heat capacity, C,, of the dosed material, i.e., hydrogen peroxide 35 wt. % solution in

water, was estimated as the weight-average heat capacity of the mixture, 3.635 J/(g-°C).

The UA and baseline values before and after the reaction are calculated by performing
calibrations before dosing and following the reaction completion, according to the
methodology of Papadaki and Nawada.>® A calibration consists on applying a known
constant power to the reaction mixture using an electrical heater for a determined period
of time, typically 20 minutes. At steady state, i.e., constant reactor and oil jacket
temperatures, Q.. iS zero; in absence of reaction and dosing of material, the energy

balance is rearranged and simplified as follows:

Ol = UA(Tr - T]) + baseline (Eq. 26)

Therefore, a plot of Q.,; Versus (T, — T;) gives a straight line where UA is the slope and

the intercept with the y-axis corresponds to the baseline. Two points [(Tr-T]-), Qcal] are
the bare minimum to build the straight line. One point can be taken at steady-state before
the electrical heater is turned on (Qc, = 0), and the other point can be taken at steady-
state while the electrical heater is supplying power to the reaction mixture (Q., = c ,
where ¢ is a constant). More calibrations result in a higher level of confidence in the
value of UA and the baseline. In order to maintain the reactor contents at isothermal
conditions before and during the calibration, the temperature of the jacket is

automatically adjusted. Therefore, the quantity (Tr — Tj) is different at different values

of Q.q- Figure 49 illustrates the points used to estimate UA and the baseline.

The volume of the reaction mixture increases with dosing of material and so does the
heat exchange area, A. Given the large amount of water in the reaction mixture, it is
assumed that the transformation of the alkylpyridine into the corresponding N-oxide has

an insignificant effect on the properties of the mixture, and consequently on the U value.
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Since the dosing rate is constant, it is considered in this study that the UA and baseline

vary linearly with the addition of hydrogen peroxide to the reactor.
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Figure 49. Typical reactor and jacket temperatures in the presence and absence of power
supplied by the electrical calibration heater.

The total energy (in Joules) generated by the reaction, Q,:q;, Can be calculated as the

integral of Q,,, over the total time of the reaction:

te -
fof ern dt

ftf ” (Eq. 27)
0

Qtotal =

The energy generated by the decomposition of hydrogen peroxide, Qg.., is calculated
using the following equation:

Qaec = —AHgec - Ny,o0, dec [k/] (Eg. 28)
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where
AH4..  isthe heat of decomposition of hydrogen peroxide, -98.3 kJ/mole®! %
Ny,0,4.. are the moles of hydrogen peroxide decomposed, and are equal to twice the

number of oxygen moles

The calculation of the oxygen moles at the end of the experiment to calculate the
conversion of 3-picoline has been previously described in Section 5.1. However, it is
also necessary to calculate the oxygen moles throughout the course of the reaction in
order to calculate the power of the hydrogen peroxide decomposition. The calculation of
the oxygen moles generated during the reaction is also based on pressure differences, as

explained below.

Figure 50 shows a schematic description of the pressure changes that occur during the
reaction. The reactor is initially sealed at atmospheric pressure and ambient temperature
(Pair,, T,); the initial conditions are represented by the red dot in Figure 50. Then, the
reactor is heated up to the desired reaction temperature (Txn), Which causes an increase
in the pressure. The pressure of the reactor right before dosing starts (point 1), is equal

to:
P, = Pvapl + Pgir1 (Eq. 29)
where P,q,1 is the vapor pressure of the mixture at the temperature of the reaction and

P, 1S the air pressure at the temperature of the reaction and at the initial reactor

headspace volume. P,;,; can be calculated using the ideal gas law as follows:

T,
Pair; = Pair, X % (Eq. 30)

o
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Figure 50. Schematic of the pressure changes during a typical 3-picoline N-oxidation
experiment. The blue line represents the pressure of the reactor and the gray line represents the
change in pressure due to dosing

Once dosing starts, the air pressure increases gradually due to the linear reduction of the
headspace volume. The pressure at point 2 in Figure 50 corresponds to the pressure of the
reactor after dosing has finished and the system has stabilized. The pressure at point 2
accounts for the air pressure at the final headspace volume, P,;,,, the vapor pressure of
the mixture, P,q4,2, and the oxygen generated throughout the course of the reaction, Py,

as shown in the following equation:

P, = Pvapz + Pyiry + POZ (Eq. 31)

Pair, can be calculated from the ideal gas law as shown in Equation 32:

Pairz = Pairy X 71 (Eq. 32)
f

Where V; and V; are the initial and final headspace volumes, respectively. The difference

between the air pressure at the final headspace volume and the air pressure at the initial
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headspace volume is equal to the pressure increase due to the reduction of the headspace,

due to dosing, AP,;,;:

APyos = Paira — Pgirt (Eq 33)

Therefore, the total pressure increase throughout the experiment is equal to:

AP =P, — P = (Pvapz + Pyiry + POZ) - (Pvapl + Pairl) (Eq 34)

Due to lack of information in the literature, it was assumed that the vapor pressure of the
initial and final mixtures is equal to the vapor pressure of water. Since the reaction is
carried out isothermally, the vapor pressure terms, Py,qy; and P,g,,, are cancelled out.

Equation 34 can then be written as:

AP = Py, + Pypg (Eq. 35)

The pressure corresponding to the oxygen generated throughout the reaction can be

calculated from Equation 36:

Py, = AP — Py (Eq. 36)

The oxygen moles generated during the reaction are then calculated with the ideal gas
law and the moles of hydrogen peroxide decomposed are calculated by multiplying the

oxygen moles by two.

Once the moles of hydrogen peroxide decomposed and the power of the decomposition
are calculated, the heat of the N-oxidation reaction, Qyox, IS calculated from the

difference between the total heat and the heat produced from the decomposition:
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Qnox = Qtotal — Qdec (Eq 37)

The enthalpy of the N-oxidation, AHy,,, can be calculated dividing the heat of the N-

oxidation by the number of moles of alkylpyridine reacted:

AHp o = Qo |-~ (Eq. 38)

alkylpyridine moles reacted mol

Table 16 summarizes the UA, baseline, energy released, and heats of reaction calculated
for the experiments performed in this study. The heats of reaction found for the N-
oxidation of 3-picoline at different conditions were between 120 and 190 kJ/mol. Both,
the upper and lower values are consistent with previously reported values for the N-
oxidation of 2-picoline.”® ® However, it must be pointed out that for measurements
performed at the high level of stirring rate, power and heat of reaction calculations have
a larger error associated to them. This is due to the fact that the heat transfer area affects
a different quantity of reactant and therefore the coefficient calculated (UA) is not the
same throughout the reaction vessel. Due to the high stirring rate, a deep vortex is
formed. Consequently, the heat transfer to the liquid in the upper part of the reactor is

different to the heat transfer in the lower part of the reactor.

It can also be seen in Table 16 that the heat generated by the decomposition in most
cases was about 2-3% of the total heat generated, which is low compared with the error
of the measurement. The exception were those experiments performed with low level of
catalyst and high level of dosing rate (runs 5, 6, 13 and 14), for which the heat generated
by the decomposition was up to 28% of the total energy released. Saenz-Noval®
previously reported heats of decomposition accounting for 1% of the total energy release
during the N-oxidation of 2-picoline. The experiments by Saenz-Noval®* were done in
slightly different conditions (more water added to initial mixture). However, the
difference indicates that 3-picoline is slightly more difficult to oxidize.
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Table 16. UA, baseline, energy released and heats of reaction calculated for the experiments discussed in this section

Temp. | Catalyst Dosing | Stirring UA1 UA2 . . total dec Nox AHnox
Run e C)p (g)y (gl;ar::;an) ( :S:Te]) wic) | (wic) Baselinel | Baseline2 Q(k J) ((Qk J) (%k J) KI/mole
1 110 1 0.5 250 3.61 4.60 6.89 5.66 420.45 9.02 411.43 165
2 125 1 0.5 250 3.74 4.71 10.77 11.33 412.25 12.29 399.96 163
3 110 10 0.5 250 3.63 493 8.00 8.24 425.37 5.15 420.23 166
4 125 10 0.5 250 3.85 4.83 11.32 11.96 408.84 8.85 399.99 161
5 110 1 4 250 3.92 5.48 6.76 10.26 339.45 95.76 243.69 150
6 125 1 4 250 3.75 4.80 8.13 8.62 384.76 47.80 336.96 160
7 110 10 4 250 3.85 4.78 6.71 6.09 352.50 5.90 346.60 138
8 125 10 4 250 3.79 4.79 9.84 9.74 357.79 6.94 350.85 140
9 110 1 0.5 400 2.57 5.27 17.64 8.97 459.62 15.84 443.78 183
10 125 1 0.5 400 4.92 5.54 17.02 15.86 473.15 9.69 463.46 187
11 125 10 4 400 3.03 5.65 17.02 16.24 325.62 8.66 316.96 127
12 110 10 0.5 400 244 541 11.19 9.53 451.20 7.26 443.94 177
13 110 1 400 4.73 5.24 17.64 9.41 362.13 66.28 295.85 154
14 125 1 400 4.92 5.48 25.39 16.00 388.32 43.12 345.20 160
15 110 10 400 2.14 5.25 9.30 7.77 304.88 9.44 295.44 119
16 125 10 0.5 400 2.79 5.62 17.32 15.36 431.37 12.67 418.70 171
17 117.5 5.5 2.25 325 441 5.04 14.68 10.86 391.44 8.30 383.14 154
18 1175 55 2.25 400 4.41 5.42 14.68 10.92 361.99 9.26 352.74 142
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Figure 51a-b show the total power generated in the eight experiments conducted at the
low level of dosing rate (0.5 g/min). It can be seen in Figure 51a-b that the amount of
power generated was approximately the same and practically constant, even at different
temperatures and catalyst concentrations, indicating a similar rate of reaction. However,
the power calculated at 400 rpm is slightly larger than the power generated at 250 rpm
most likely owing to the impact of the error in the assessment of heat effects and the size
of the increased heat transfer area formed because of the vortex. The power profiles
obtained confirm once again that the reaction is controlled by dosing. It can also be
observed in Figure 51 that the there is a slight power increase around 260 min, time at
which 130 g of hydrogen peroxide solution have been added (52% of total mass). This
phenomenon is more noticeable in Figure 51a (250 rpm). The reason of this increase has
not been confirmed. However, it is possible that this phenomenon is related to the
evaporation in the mixture, i.e., once dosing starts, the vapor pressure of the mixture
increases drastically as the system tries to find a new equilibrium, but as the
concentration of water increases in the mixture, the vapor pressure increase is slower.
Therefore, it is likely that the energy-consuming evaporation process becomes much less

significant at the point where the increase in the power profiles is observed.

It can also be observed in Figure 51a-b that once dosing is finished, the power decreases
very rapidly to zero. This indicates that there is very little accumulation in the system

and that the reaction finishes shortly after dosing.

Figure 52 shows the power profiles generated during the N-oxidation of 3-picoline at
110 °C, 1 g catalyst, 0.5 g/min and 250 rpm. The total power presents some oscillation
during the first 150 minutes. This is due to the temperature fluctuations during this time,
which is likely due to the strong heat of solution. Because the initial mixture is almost

pure 3-picoline, the heat of solution is strong.
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Figure 51. Total power generated during the N-oxidation of 3-picoline at different temperatures
and catalyst mass using a dosing rate of 0.5 g/min and a stirring rate of a) 250 rpm (runs 1-4 in
Table 16) and b) 400 rpm (runs 9,10, 12, 16 in Table 16)
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Figure 52. Total, N-oxidation and decomposition power generated during the N-oxidation of 3-
picoline at 110°C, 1 g catalyst, 0.5 g/min and 250 rpm (run 1 in Table 16), along with the
normalized pressure profile of the measurement, which is read on the right axis

The total power generated is practically equal to the power of the N-oxidation reaction
until approximately 445 minutes, which corresponds to 222 g (2.28 moles) or 89% of
hydrogen peroxide added. At this point, it is clear that the power of the decomposition
increases from zero to approximately 1.5 W. This power increase is also observed as a
small peak of the total power profile. At the same time, the pressure starts increasing
dramatically (see Figure 46). This is the point where the decomposition of hydrogen
peroxide becomes more competitive. It is not necessarily the point where the kinetic
regime starts, as it can be seen that the N-oxidation power, and consequently, the total
power, start decreasing at around 300 min, before the decomposition power and the rate
of pressure rise start increasing more dramatically. Additionally, in this particular
experiment, it is observed that the power generated by the decomposition is constant,
indicating that the decomposition is also controlled by the availability of hydrogen
peroxide; the same can be seen in the pressure profile, which although it increases at a

faster rate, it continues to be linear.
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Figure 53a-b show the averaged power of decomposition for different experiments.
From Figure 53a, it is observed that during the first 150 minutes, it seems like there is
more decomposition than at the end of the experiment. However, the power estimation
during this time is not accurate. The power of decomposition is calculated from pressure
differences, and due to temperature fluctuation at the beginning of dosing, the pressure
also fluctuates. In addition, there is a dramatic change in the vapor pressure of the
system. The fact that a stronger fluctuation is observed in the curves from experiments at
125 °C indicates that the effect of the vapor pressure was not completely eliminated

from the calculations.

After the unstable period in Figures 54a, the power of decomposition drops to a value
below 1 W. Then, in the last 100 min, the decomposition power increases due to the
decrease in the concentration of 3-picoline, which leads to accumulation of hydrogen
peroxide, and consequently, to an increase in the rate of the decomposition. It can also
be seen that the decomposition becomes significant at around the same time (445 min)
for all experiments shown in Figure 53a, although it is more intense for the experiment
conducted at 110 °C and 1 g of catalyst (run 1 in Table 16).

Similar results were obtained from the experiments performed at 400 rpm, shown in
Figure 53b. However, the fluctuation at the beginning of the experiments only lasts
about 100 min. After that, the power of decomposition drops to a value below 0.5 W.
The decomposition of hydrogen peroxide becomes more significant for most
experiments shown in Figure 53b at 415 min, although its intensity varies according to
the operating conditions. In the case of the experiment at 110 °C and 1 g of catalyst (run
9 in Table 16), the decomposition starts increasing at 380 min and remains constant until
the end of the dosing period, indicating that the decomposition is controlled by the

availability of hydrogen peroxide, as discussed earlier.
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Figure 53. Power generated by the decomposition of hydrogen peroxide during the N-oxidation
of 3-picoline at different temperatures and amounts of catalyst, using a dosing rate of 0.5 g/min
and stirring rate of a) 250 rpm (runs 1-4 in Table 16) and b) 400 rpm (runs 9,10, 12, 16 in Table
16)

Figure 54 shows the power profiles generated during an experiment at the low levels of
temperature, catalyst and stirring rate and high level of dosing rate (run 5 in Table 16).
This was the experiment where the lowest conversion of 3-picoline was obtained. Due to
severe hydrogen peroxide decomposition, it was necessary to perform this experiment in
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three dosing steps. During the first dosing step, 93.54 g of hydrogen peroxide solution
were added; 89.14 g were added in the second step, and 68.25 g were added in the third

one.

In a single dosing step of the experiment shown in Figure 54, more decomposition power
is generated than in any other complete experiment performed with a higher mass of
catalyst or with a lower dosing rate. In the first two dosing steps, the decomposition
power is as high as 30 W, while in the third step is as high as 20 W. The extent of the
decomposition can be also observed from the amount of power generated once dosing
has stopped. In the first step, dosing stops at 24.7 min, but the reaction does not finish
until 32 min (7.3 min after). In the second step, dosing stops at 21.7 min and the reaction
finishes at 32.7 min (10.3 min after). In the third step, dosing stops at 17.7 min and the
reaction finishes at 29.7 min (12 min after). Even though the mass dosed in the second
and third steps is lower than the dosed mass in the first step, the reaction takes longer to

finish due to the high accumulation of hydrogen peroxide.

In the first dosing step of the experiment shown in Figure 55, it can be seen that there is
an ‘overshoot’ in the power. This is due to the heat of solution and initial contact
between the two reactants. In the second dosing step, the overshoot is smaller and in the
third dosing step, it is barely noticeable. As hydrogen peroxide is added to the reactor,
the concentration of water grows very rapidly. Therefore, after a certain mass of

hydrogen peroxide has been added, the heat of mixing is negligible.
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Figure 54. Total, N-oxidation and decomposition power profiles for the N-oxidation of 3-
picoline at 110°C, 1 g of catalyst, 4 g/min and 250 rpm (run 5 in Table 16)

In the first and second dosing steps, it can be seen that after the ‘overshoot’, the power of
the reaction is practically constant until dosing stops, despite the high dosing rate used in
the experiment. Once dosing stops, the power of both, the N-oxidation and the
decomposition decrease. It can also be observed that the total, and therefore, the N-
oxidation power drop abruptly when dosing is stopped. Because of the high dosing rate
used in this experiment, the ending of dosing causes an upset in the system. In addition,
as mentioned earlier, it has been assumed in the calculations that the dosing temperature,
T4os, 1S €qual to the ambient temperature in the laboratory. However, Ty,s Was likely

higher than the ambient temperature, as the temperature of hydrogen peroxide could
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have been increased while crossing the heated lid of the reactor. This error in the

calculation of Q 4, is reflected in the calculation of the total and N-oxidation power.
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Figure 55. Total, N-oxidation and decomposition power profiles for the N-oxidation of 3-
picoline at 125°C, 1 g of catalyst, 4 g/min and 250 rpm (run 6 in Table 16)

Figure 55 shows the power profiles generated during an experiment at the low levels of
catalyst and stirring rate and high levels of temperature and dosing rate (run 6 in Table
16). It can be seen that the results are similar to those of Figure 54. However, the power
generation is slightly higher due to the higher temperature. Also, due to the higher
temperature, the accumulation of hydrogen peroxide is lower, and the maximum power
generated by the decomposition is always below 20 W. Nonetheless, as shown in Figure
44 the pressure generated under the conditions of this experiment was high, which

represents a hazardous situation.
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Figure 56. Power profiles for the N-oxidation of 3-picoline at two different temperatures
using 10 g of catalyst, a dosing rate of 4 g/min and a stirring rate of 250 rpm. a) Total
power; b) Averaged decomposition power

Figure 56a-b show the power profiles obtained from experiments conducted at high
levels of catalyst mass and dosing rate, and different temperatures (runs 7 and 8 in Table
16). From Figure 564, it can be seen that, similar to other experiments, there is some

133



fluctuation in the power profiles due to the temperature instability at the beginning of the
reaction. After that, the power is practically constant until dosing is finished. By the
time dosing stops (63.3 min), enough hydrogen peroxide has accumulated, such that both
the N-oxidation and the decomposition continue, although the power generation

decreases rapidly.

The averaged power of decomposition (Figure 56b) also presents some fluctuation in the
first 15 min. As mentioned before, this is an inherent flaw in the calculation of
decomposition power due to the variation of pressure with small temperature changes,
and the drastic change in vapor pressure of the mixture. After the unstable period, the
averaged power of the decomposition is below 2 W, and then increases toward the end
of dosing due to the drop in concentration of 3-picoline. Once dosing finishes, the
decomposition power decreases to zero. Overall, the decomposition power is very low
compared to the average total power, which is approximately 90 W. The decomposition
power accounts for only 1.7 and 1.9% of the total energy released for the experiments at
110 °C and 125 °C, respectively. Therefore, the power of the N-oxidation is practically
equal to the total power throughout most of the experiment, which demonstrates the high

efficiency achieved.

As can be seen in Figure 56a the power generated in both experiments is approximately
the same, even though the temperature difference is 15 °C. This indicates that the
reaction proceeds at approximately the same rate, which is equal to the dosing rate. Due
to the high mass of catalyst used, the N-oxidation occurs very fast and its rate is limited
by the availability of hydrogen peroxide. Similar power profiles were obtained for the
experiments performed at the same conditions as the experiments shown in Figure 56,

but using the high level of stirring rate, 400 rpm (runs 11 and 15 in Table 16).

It is worth pointing out that the heat generated during the experiments shown in Figures

55 to 57 was very high and fast. In some cases, the power output exceeded 100 W. This
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fast and intense power generation would be difficult to handle by a typical batch or semi-
batch reactor, since in general, these types of reactors have a heat removal capacity of
approximately 30 W/L. Therefore, a typical semi-batch reactor would not be able to
effectively remove the heat generated by the reaction under the conditions used for the
experiments shown in Figure 54 to 55, and a runaway reaction would occur. In addition,
not only a reaction under these conditions could overload the cooling system, but also
the control system. Since the reaction occurs very fast, the heat of reaction goes from
zero to 90-100 W almost immediately, e.g., in Figure 54, the power went from zero to 90
W in approx. 7 min. However, a different type of reactor arrangement would probably be

able to remove power more efficiently, as explained in Section 8.
53  Conclusions

The N-oxidation of 3-picoline has been studied in two different isothermal reaction
calorimeters using a closed reactor at different conditions so as to test the effects that
different parameters have on the hazards and the efficiency of the N-oxidation. The main

findings are summarized below.

Preliminary experiments performed in the HEL-SIMULAR with the N-oxidation of 3-
picoline demonstrated that higher temperatures can result in very high 3-picoline
conversions and can dramatically decrease the amount of hydrogen peroxide which
decomposes. In addition, a small quantity of catalyst may be sufficient for an efficient
reaction performance when operation is at higher temperatures. Preliminary experiments
also provided evidence that a careful selection of inert materials and a different reactor

design may practically completely eliminate hydrogen peroxide decomposition.
Based on preliminary results, a full 2* factorial design of experiments was used to study

the effect of temperature, catalyst mass, dosing rate and stirring rate on the conversion of

3-picoline. The factorial analysis revealed that the most influencing effects on the
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conversion of 3-picoline are the mass of catalyst, the dosing rate, and the interaction
between those two factors, with the effect of the catalyst mass being the largest.
Combinations of low catalyst mass and high dosing rate are detrimental for the process,
as they allow the accumulation of hydrogen peroxide in the reactor. The accumulation of
hydrogen peroxide leads to a high rate of decomposition, since the rate is proportional to
the square of the concentration of hydrogen peroxide. In contrast, the use of low dosing
rates, combined with either a high or low mass of catalyst, does not allow hydrogen

peroxide to accumulate; thus, the N-oxidation reaction becomes more competitive.

There is clear evidence that 3-picoline N-oxidation at 125 °C is not significantly better
than operation at 110 °C. In fact, more decomposition was observed at 125 °C,
particularly when a large mass of catalyst was used, likely because this temperature is
higher than the onset temperature of the thermal decomposition of hydrogen peroxide,
and because the presence of phosphotungstic acid accelerates the decomposition of
hydrogen peroxide. Therefore, an increase in the temperature of the reaction and the
mass catalyst of catalyst used is beneficial only up to certain extent.

There is no optimum operating condition for the N-oxidation of 3-picoline. Instead, there
is a set of conditions that would minimize the decomposition of hydrogen peroxide and
make the process inherently safer by practically eliminating the hydrogen peroxide
decomposition, limiting the accumulation in the reactor, and eliminating the need to use
an excess of hydrogen peroxide. The set of conditions consist of the appropriate

combination of temperature, mass of catalyst and dosing rate.

Additional information about the N-oxidation of 3-picoline was obtained from the
pressure history of the experiments, which revealed the point at which sufficient
hydrogen peroxide has accumulated such that the decomposition becomes more
competitive. However, the evaluation of the N-oxidation and decomposition rates via the
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measurement of the pressure has inherent inaccuracies due to the lack of sufficient

thermodynamic data regarding the vapor pressure of the mixture.

The heat of reaction for the N-oxidation of 3-picoline was found to be between 120 and
190 kJ/mole, which is in agreement with previous works. The evaluation of power
generation showed that at high dosing rates, the power generated by the reaction may
overload the cooling and control systems of a typical batch or semi-batch reactor as the
power generation is high and fast. However, a different reactor configuration may allow

a more efficient heat removal.
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6. STUDY OF THE N-OXIDATION OF HIGHER ORDER
ALKYLPYRIDINES USING ISOTHERMAL CALORIMETRY

This section presents the results of isothermal experiments to study the N-oxidation of
3,5-lutidine, 2,6-lutidine, and 2,4,6-collidine. Preliminary experiments with 3,5-lutidine
were conducted in the HEL-SIMULAR isothermal calorimeter to study the effect of an
increase of temperature on the N-oxidation reaction. Additional experiments with 3,5-
lutidine N-oxidation were conducted in the RC1e to determine the influence of catalyst
mass and dosing rate on the reaction, as well as the effect of the phase separation. The
results of isothermal experiments conducted with 3,5-lutidine are discussed in Section
6.1 and 6.2. Experiments performed to study the N-oxidation of 2,6-lutidine and 2,4,6-
collidine were performed in the RC1e and the results are discussed in Section 6.3. A
calorimetric analysis to determine the power output and the heat of reaction of the N-

oxidation of the different alkylpyridines studied here is also included in this section.

6.1  Study of the N-oxidation of 3,5-lutidine Using the HEL-SIMULAR

Isothermal Calorimeter

Preliminary experiments with 3,5-lutidine were conducted in the HEL-SIMULAR
isothermal calorimeter to study the effect of temperature on the N-oxidation reaction.
The experiments consisted on loading 190 g of 3,5-lutidine in the reactor (1.77 moles),
along with 6.33 g of catalyst dissolved in 15 g of water. Then, the reactor was sealed at
atmospheric pressure and the mixture was heated up to 80 °C, when it was vented and
sealed again at atmospheric pressure. The reaction mixture was then brought to the
desired temperature of reaction. After a period of temperature stabilization, a calibration
was performed. After that, a stoichiometric amount of aqueous solution of hydrogen
peroxide 35 wt. % (172.3 g) was added at a slow rate of 0.24 g/min in order to prevent

accumulation in the reactor. Once the dosing step finished, the reaction was allowed to
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reach completion, and then another calibration was performed. The reactor was then

cooled down to ambient temperature.

Table 17 shows the details of the preliminary measurements performed in the HEL-
SIMULAR. The first two measurements in Table 17 were conducted to test the
reproducibility of the experiments. However, toward the end of run 1, the connection
between the computer and the balance was lost, which caused the pump to add an excess
of hydrogen peroxide at a faster rate. Figure 57 shows the pressure increase during runs
1-4. It can be seen that the two experiments at 110 °C (runs 1 and 2) follow exactly the
same path up to the point of the problem with the balance. The conversion obtained in
runs 1 and 2 differ by 2.2% because of the excess added in run 1. Despite this issue, the
two experiments confirmed the reproducibility of the experiments.

Besides confirming the reproducibility of the experiments, run 1 has been shown here to
illustrate the potential hazard of a pump malfunction. Although the problem in run 1 was
related to the balance, the consequences were the same as if it had been a pump
malfunction. The problem with the balance lasted for 10 minutes before it was detected,
and the fast addition during this period was enough to cause a pressure increase of 0.25
bar. At a large scale, a pump malfunction like the one shown here could lead to
catastrophic consequences.

From Figure 57, it can be seen that the experiment performed at 120 °C (run 3) follows
the same pressure profile as runs 1-2, despite the 10 °C temperature difference. This
indicates that the reactions occurred at the same rate, which was controlled by the dosing
of hydrogen peroxide to the reactor. Also, the moles decomposed in runs 2 and 3 and the

conversion of 3,5-lutidine obtained are the same.
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Table 17. Details of experiments with 3,5-lutidine in the HEL-SIMULAR calorimeter. Initial mass of 3,5-lutidine: 190 g (1.77 moles);
catalyst mass: 6.33 g; stirring rate: 250 rpm; dosing rate: 0.24 g/min; P, (pressure at 80 °C, when the reactor was sealed): 0.99 bar

Temp. Mass P Ps AP” O, H,O, moles H,0, moles 3,5-lutidine
Run (°C) dosed (g)  (bar) (bar) (bar) moles decomp reac_ted n N- conversion %
(nO,) ' oxidation
1 110 178.3 1.22 2.86 1.64 0.083 0.165 1.670 94
2 110 172.9 1.25 2.72 1.47 0.074 0.148 1.632 92
3 120 172.4 1.48 2.94 1.46 0.071 0.142 1.632 92
4 Dose 1 125 116.9 1.71 3.85 2.14 0.111 0.222 0.981 55
Dose 2 125 57.1 2.04 2.68 0.64 0.031 0.062 0.525 85

Notes:

P; is the pressure of the mixture at the temperature of reaction, before dosing

P; is the pressure of the mixture at the temperature of reaction, after dosing, once the reaction has reached completion
*AP = Pf — Pi
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Figure 57. Normalized pressures during the N-oxidation of 3,5-lutidine at different temperatures
using 6.33 g of catalyst (runs 1-4 from Table 17)

During the experiment conducted at 125 °C (run 4), the pressure generated reached the
maximum operating limit of the reactor. For this reason, it was necessary to interrupt
dosing, cool down the reactor to 80 °C and vent it. After that, the reactor was heated up

again to the reaction temperature and dosing was resumed.

The N-oxidation of 3,5-lutidine is initially mass-diffusion controlled because 3,5-
lutidine is not soluble in water. Thus the reacting mixture forms two phases, an aqueous
phase where the catalyst is dissolved, and an organic phase. This is due to the limited
solubility of 3,5-lutidine in water in a wide range of temperatures and concentrations.**

% Consequently, the reaction occurs mostly at the interface of the two phases.

Typically, increased mixing, i.e., higher stirring rates, helps when there are mass transfer

12 has reported the use of different stirring rates for the N-

issues. However, Saenz-Nova
oxidation of 2,6-lutidine without success. For this reason, and also considering the
results of the DOE discussed in Section 5.2, a constant stirring rate of 250 rpm was used

in all the experiments performed with 3,5-lutidine.
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Hydrogen peroxide is miscible in water; therefore, when it is added to the reactor, it
dissolves in the aqueous phase, accelerating the decomposition reaction. In addition the
decomposition is exacerbated by the fact that the reaction temperature (125 °C) is higher
than the temperature of decomposition of the hydrogen peroxide. Hydrogen peroxide
was added through a tube that was approximately 8 cm higher than the liquid level.
Therefore, it is expected that part of the hydrogen peroxide added evaporated before

reaching the liquid and decomposed in the vapor phase.

In Figure 57 is observed that the pressure increase in the first dosing step of the
experiment performed at 125 °C (run 4) is much higher than the other runs. It is believed
that the higher pressure increase is due to the abovementioned reasons, in addition to the
to the change in vapor pressure. After the first dosing step it is likely that the reaction
mixture was homogeneous, and therefore, the N-oxidation reaction became more
competitive, reducing the decomposition of hydrogen peroxide. This is why the pressure
increase in the second step, in which only 57 g of hydrogen peroxide were added, is less
steep than in the first step.

During the first dosing step of run4, the percentage of hydrogen peroxide that
decomposed was 18.5%, while in the second step was 10.6%. The 57 g added in the
second step increased the conversion of 3,5-lutidine by nearly a 30%. It is believed that
the lower decomposition in the second step is due to a decrease in the mass transfer
resistance caused by the formation of the two phases. However, there is no literature
available on the thermodynamics and phase equilibrium of the 3,5-lutidine/3,5-lutidine-
N-oxide/catalyst/water system to verify this hypothesis. In addition, after mixing 3,5-
lutidine with the catalyst, a yellow milky mixture — possibly a suspension — was formed,

which made very difficult the identification of different phases visually (see Figure 58)
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Figure 58. Resulting color of a mixture containing 190 g of 3,5-lutidine, 6.33 g of catalyst, and
15 g of water

From Table 17, it can be seen that the conversion of 3,5-lutidine obtained in runs 1-3
was high, even though only the stoichiometric amount of hydrogen peroxide was used.
The lowest conversion was obtained in run 4, which was the experiment performed at
the highest temperature. Also, it can be seen that the conversions obtained in runs 2 and
3 are identical. This contradicts previous findings that suggest that a higher temperature
would favor the N-oxidation of alkylpyridines. Similar to the observations stated in
Section 5.2, it was determined in this study that the increase of temperature positively
affects the N-oxidation of 3,5-lutidine up to a certain temperature around 125 °C, after
which a further increase in temperature promotes the thermal decomposition of hydrogen

peroxide.

6.2  Study of 3,5-lutidine N-oxidation Using the RC1le Isothermal Calorimeter

Additional experiments to study the N-oxidation of 3,5-lutidine were conducted using
the RC1e calorimeter to determine the influence of catalyst mass and dosing rate on the

reaction. Table 18 show the details of the measurements performed with 3,5-lutidine in
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the RCle calorimeter, along with a summary of the results obtained from each

experiment.

Experiments in the RC1e were performed as described in Section 3.2.1, and similar to
the experiments performed in the HEL-SIMULAR, except that the reactor was not
vented at 80 °C before the reaction started. Because the RCle can withstand much
higher pressure (10 bar) than the HEL-SIMULAR, the venting step was considered

unnecessary.

In run 1 (Table 18), the stoichiometric amount of hydrogen peroxide was added in the
first dosing step. Subsequently, the reactor was cooled down, vented and heated up again
to the reaction temperature. A 20% excess of hydrogen peroxide (46 g) was added in
order to see how the system responded. In run 2, due to the low catalyst used, vigorous
decomposition occurred, which forced the interruption of dosing. After cooling down
and venting, the system was brought to the reaction temperature and dosing was
resumed; a 20% excess of hydrogen peroxide was also added in this case. In runs 3 and

4, only the stoichiometric amount of hydrogen peroxide was added.

Figure 59 shows the solubility diagram for the 3,5-lutidine/water.”® The blue line
indicates the phase separation, i.e., inside the loop, a 3,5-lutidine/water mixture will have
two phases, while a mixture outside the loop will be homogeneous. It can be seen that
there is a wide range of conditions at which a 3,5-lutidine/water mixture forms a two-
phase system. High temperatures and high concentrations of 3,5-lutidine would be
required to achieve a homogeneous mixture. Therefore, in order to avoid early shifting
of the phase equilibrium towards the two-phase region, no water was added to dissolve
the catalyst in any of the experiments conducted in the RC1le. However, no benefit was
observed as compared to the experiments performed in the HEL-SIMULAR, in which a

small amount of water was used to dissolve the catalyst.
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Table 18. Details of experiments with 3,5-lutidine in the RC1e calorimeter. Initial mass of 3,5-lutidine: 254 g (2.37 moles); stirring rate:

250 rpm; P, (pressure at ambient temperature): 0 barg. Initial (T;) and final temperature (Ty) for all measurements was 23 °C

Dosing Mass H,0, H,O, moles  3,5-lutidine

Run T(incq:;o ' Caza;yst rate dosed (bZi ) (é;j) Oznrgol)es moles reacted in  conversion
9 (g/min) (9) g 2 decomp. N-oxidation %
1 Dose 1 110 10 2 230.2 3.25 3.25 0.083 0.166 2.204 93
Dose 2 110 10 2 46.0 3.78 3.71 0.161 0.321 2.356 100
2 Dose 1 110 1 0.5 141.4 4.27 4.24 0.212 0.423 1.032 44
Dose 2 110 1 0.5 134.6 2.49 2.42 0.200 0.400 0.985 100
3 110 10 0.5 230.1 2.38 2.37 0.058 0.115 2.253 95
4 120 1 0.5 230.4 3.04 3.02 0.076 0.153 2.220 94
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Figure 59. Solubility diagram for the 3,5-lutidine/water system®

Based on the diagram shown in Figure 60, it was expected that by starting the reaction
with pure 3,5-lutidine, homogeneous conditions were attained, at least at the beginning
of the reaction. Once dosing starts, the mole fraction of water increases rapidly due to
the water that comes with the hydrogen peroxide solution and the production of water
from both the N-oxidation and the decomposition reactions. Due to the higher polarity
of the N-oxide, it is expected that it would positively affect the mixing of the system and
reduce the mass transfer resistance. However, this is only a hypothesis as once the
reaction starts and N-oxide is being produced, the solubility diagram shown in Figure 59
does not apply anymore and there is no literature data available to support this statement.
Experiments and/or theoretical calculations to determine the phase-equilibrium during
the N-oxidation of 3,5-lutidine would be required to verify the abovementioned

hypothesis.

A milky yellow color was also observed during the experiments performed with the
RC1e upon mixing the catalyst and 3,5-lutidine. Since there was no water to dissolve the
catalyst, it is likely that the catalyst and 3,5-lutidine formed a suspension at the
beginning of the reaction. In the experiments where 1 g of catalyst was used, the catalyst
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was completely suspended in 3,5-lutidine, such that no catalyst could be seen at the

bottom of the reactor, and the color of the mixture was opaque yellow (see Figure 60).

Figure 60. 3,5-lutidine N-oxidation mixture containing 254 g of 3,5-lutidine and 1 g of catalyst.
Left: mixture as observed at the beginning of the reaction; right: final mixture

After adding approximately 200 g of hydrogen peroxide, the reaction mixture cleared up
to give a bright yellow color (See Figure 60-right). The catalyst was completely soluble
in the final mixture. Instead, when 10 g of catalyst were used, the color of the mixture
was milky yellow and some undissolved catalyst could be seen at the bottom of the
reactor. After adding approx. 200 g of hydrogen peroxide in the reactor, the catalyst
could no longer be seen at the bottom of the reactor; however, even after adding the
stoichiometric amount of hydrogen peroxide, the mixture was still milky yellow. Only in
the experiments where a 20% excess was used the final mixture cleared up, but some of

the catalyst precipitated after settling for several hours.

In order to compare experiments with different dosing rates and masses added, a

dimensionless time was defined as follows:%?
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t—t (Eq. 39)
tr—t;

where
t isany time during the dosing and stabilization period
ti is the time dosing starts

tr is the final time, including dosing and stabilization period

1 < Dose1(230.29)
5 | °Dose2(460)

Normalized Pressure (bar)

Figure 61. Normalized pressure of the two dosing steps during the N-oxidation of 3,5-lutidine at
110°C, 10 g of catalyst and a dosing rate of 2 g/min (run 1 in Table 18)

Figure 61 shows the normalized pressure for the two dosing steps in run 1 (Table 18).
During the first dosing step, the stoichiometric amount was dosed (approx. 230 g), while
in the second dosing step, a 20% excess of hydrogen peroxide was added (46 g). It can
be seen in Figure 61 and Table 18 that a similar pressure was generated during the two
dosing steps, even though only 46 g were added in the second step.

Some fluctuation in the pressure is observed during the first dosing step, which is

consistent with changes in the temperature of the jacket (Figure 62). As mentioned
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earlier, the N-oxidation of lutidines (and collidines) is limited by mass transfer issues
due to the formation of two phases. Therefore, every experiment is different. In the first
dosing step of run 1, the jacket temperature starts dropping as soon as dosing starts to
remove the heat generated by the reaction and stabilizes at around 20 minutes. After 30
minutes, the jacket temperature starts decreasing further. At this point, it is very likely
that the composition of the mixture has changed such that either the mixture is
homogeneous or a higher mass transfer coefficient facilitates the N-oxidation reaction,
which increases the power generated, as seen later in Figure 67. After 70 minutes the
jacket temperature starts increasing. At this point, approximately 60% of the
stoichiometric amount of hydrogen peroxide has been added (140 g), so the

concentration of 3,5-lutidine has dropped and the power generation starts decreasing.
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Figure 62. Reactor and oil jacket temperatures during the first dosing step of the N-oxidation of
3,5-lutidine at 110 °C employing 10 g of catalyst and a dosing rate of 2 g/min (run 1 in Table 18)

The conversion obtained after the first dosing step in run 1 is 93%. During the second

dosing step, the concentration of 3,5-lutidine is very low; consequently, hydrogen
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peroxide is accumulated and the rate of the decomposition is accelerated. For this reason,
a significant amount of the hydrogen peroxide added in the second step is decomposed.
From 0.473 moles (46 g) of hydrogen peroxide added in the second step, 41%
decomposed (0.193 moles), versus 7% decomposed in the first step. In other words, in
order to increase the conversion of 3,5-lutidine from 93% (using the stoichiometric
amount of hydrogen peroxide) to 100%, a 20% excess is necessary, from which 41%
decomposes. In addition, the increase in conversion is accompanied by a pressure
increase equivalent to the pressure increase throughout the entire first dosing step.

Figure 63 shows the pressure increase during each of the dosing steps in run 2. It can be
seen that although the mass of hydrogen peroxide added in each step is similar, the
pressure increase widely differs. From Table 18, the total pressure increase (AP) during
the first dosing step is 4.24 bar, while in the second step is only 2.42 bar, even though a
20% excess is added in the second step. During the first dosing step, mass transfer
dominates the reaction, as it has been mentioned earlier, which exacerbates the
decomposition of hydrogen peroxide. In addition, the vapor pressure of the mixture
changes dramatically as the mole fraction of water increases. In the second dosing step,
although the concentration of 3,5-lutidine has dropped considerably, the mixture is likely
homogeneous (or significantly less affected by mass transfer limitations), so the aqueous
solution of hydrogen peroxide is better dispersed in the reaction mixture, which favors

the N-oxidation.
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Figure 63. Normalized pressure increase during the N-oxidation of 3,5-lutidine at 110°C
employing 1 g of catalyst and a dosing rate of 0.5 g/min (run 2 in Table 18)

As mentioned earlier, a 20% excess was added in runs 1 and 2. In both experiments the
conversion obtained was 100%. However, the pressure profiles are very different. In run
1, the entire stoichiometric amount of hydrogen peroxide was added in a single step,
obtaining a conversion of 93% with a net pressure increase of 3.25 bar. In contrast, in
run 2, a pressure increase of 4.24 bar was generated in the first step, after only about
60% of the stoichiometric amount was added, giving a conversion of 50.5%. This clearly
demonstrates the strong influence of the catalyst on the selectivity towards the N-

oxidation.

On the other hand, the use of higher dosing rates affected negatively the N-oxidation of
3,5-lutidine. The reason why the pressure increase in the second step of run 1 is higher
than in run 2 is because the dosing rate in run 1 was 4 times higher than in run 2. It was
determined previously in Subsection 5.2 that the catalyst-dosing rate interaction was the
most significant effect on the conversion of 3-picoline. It was also determined that when
high catalyst was used the decomposition was minimal even when dosing rates as high
as 4 g/minutes were used. However, in the case of the 3,5-lutidine, the dosing rate had a

stronger effect than on 3-picoline. Even though 10 g of catalyst were used for the N-
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oxidation of 3,5-lutidine in run 1, a dosing rate of 2 g/min appears to be too high for this
system. It can be seen in Figure 63 that in run 2, where a low dosing rate of 0.5 g/min
was used, the pressure increase for the second step was only 2.42 bar, and a final
conversion of 3,5-lutidine of 100% was obtained, despite using only 1 g of catalyst and

an excess of hydrogen peroxide.

A particular observation from Figure 63 is that in the second dosing step, the normalized
pressure increase is similar to the profiles obtained during the N-oxidation of 3-picoline
at the same conditions (110 °C, 1 g of catalyst and a dosing rate of 0.5 g/min). The
pressure increases at a constant rate up to a point where the slope of the pressure
increase becomes steeper. This point occurs when approximately 228 g of hydrogen
peroxide have been added (99% of stoichiometric amount), as shown in Figure 64.
However the transition is less sharp than it was observed in the N-oxidation of 3-

picoline.
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Figure 64. Averaged pressure rate during the second dosing step of the N-oxidation of 3,5-
lutidine at 110°C employing 1 g of catalyst and a dosing rate of 0.5 g/min (run 2 in Table 18)
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Figure 65. Normalized pressure increase during the N-oxidation of 3,5-lutidine at 110°C
employing 10 g of catalyst and two different dosing rates (dose 1 of run 1, and run 3 in Table 18)

Figure 65 shows a comparison of the pressure increase of the first dosing step of run 1
and run 2. In both experiments compared, the stoichiometric amount (230 g) of hydrogen
peroxide was added. This figure shows the influence of dosing rate on the reaction
system. Even though a high mass of catalyst was used in both experiments, the
experiment conducted at the higher dosing rate (run 1) resulted in a higher net pressure
increase (3.25 bar at ambient temperature) and a lower conversion of 93%, as compared
to the experiment at lower dosing rate (run 2), in which a net pressure increase of 2.37

bar (at ambient temperature) and a conversion of 95% were obtained.

However, it should be taken into account that the dosing time with a dosing rate of 0.5
g/min is 460 min, 4 times longer than the dosing time with a rate of 2 g/min (115 min),
and the difference in conversion obtained is minimal. This demonstrates the importance
of studying the effect of different dosing rates in order to find the fastest rate that
minimizes the decomposition, so as to not comprise the safety of the operation and

ensure an efficient process.
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Figure 66 shows a comparison of the pressure increase of the first dosing step of run 2
and run 4. In both experiments compared, 1 g of catalyst was used. This figure shows the
temperature effect on the reaction system. It can be seen that after t* = 0.27, the pressure
increase for the experiment at 120 °C (run 4) is lower than in the experiment at 110 °C
(dosing 1 of run 2), even though the quantity added in run 4 was the entire stoichiometric
amount, while in the first dosing step of run 2, it was only 141.4 g. In this case, although
the mass of catalyst used was only 1 g, the combination of a slow dosing rate (0.5 g/min)
and high temperature favored the N-oxidation reaction. However, as shown in Section
6.1, further increase of temperature can cause more decomposition of hydrogen
peroxide. At t*<0.27, it can be seen that the pressure increase of the experiment at 120
°C (run 4) is higher than that of the experiment at 110 °C. Nevertheless, this is likely due
to the higher vapor pressure at 120 °C, which effect is not completely eliminated after

normalizing the pressure.
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Figure 66. Normalized pressure increase during the N-oxidation of 3,5-lutidine at different
temperatures using 1 g of catalyst and a dosing rate of 0.5 g/min (dose 1 of run 2, and run 4 in
Table 18)
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6.2.1 Calorimetric analysis

The power generated by the N-oxidation and decomposition reactions, as well as the heat
of reaction of the N-oxidation of 3,5-lutidine were calculated following the procedure
outlined in Subsection 5.2.2. The results are summarized in Table 19. The heat of
reaction of the N-oxidation of 3,5-lutidine was found to be between 150 and 170
kJ/mole.

Figure 67a shows the total, N-oxidation, and decomposition power generated during the
first step of run 1. As mentioned earlier, there was a fluctuation of the temperature of the
jacket during the first dosing step of run 1, likely owed to the mass transfer limitation
and to the moderately high dosing rate for this system (refer to Figure 62). The

temperature fluctuations resulted in an irregular power profile, as shown in Figure 67a.

It can be seen in Figure 67a that there is a small accumulation of hydrogen peroxide in
the reactor once dosing finishes because the power generation does not immediately fall
to zero. By the end of the first dosing step and stabilization period the conversion is
approximately 93%, having added the stoichiometric amount of hydrogen peroxide only.
The concentration of 3,5-lutidine in the reactor is very low at this point. Due to the low
concentration of 3,5-lutidine, hydrogen peroxide accumulates in the reactor. Thus, the
decomposition reaction becomes more competitive than the N-oxidation. A reduction of
the dosing rate at these later stages of the measurement would probably increase 3,5-

lutidine conversion and reduce hydrogen peroxide decomposition.
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Table 19. UA, baseline, energy released and heat of reaction calculated for 3,5-lutidine N-oxidation experiments performed in the RC1e

Run Temp. Catalyst Dosing UA1L UA2 Baselinel Baseline2 Qtotal Qdec QNox AHnox
(°C) () rate (W/°C)  (WI°C) (W) (W) (kJ) (kJ) (kJ)  kJ/mole
(g/min)
1 Dosel 110 10 2 3.37 4.46 3.54 6.40 355.0 16.6 3385 154
Dose 2 110 10 2 4.46 4.68 6.40 7.95 65.6 19.3 46.3 165
2 Dosel 110 1 0.5 3.37 4.12 3.21 5.81 227.4 26.0 2015 168
Dose 2 110 1 0.5 4.12 4.70 5.81 7.78 220.8 114 209.3 165
3 110 10 0.5 3.32 4.45 3.55 6.70 371.1 115 359.6 160
4 120 1 0.5 3.43 4.55 3.99 9.88 363.1 153 3479 157
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Figure 67. Total, N-oxidation and decomposition power during the N-oxidation of 3,5-lutidine at
110°C using 10 g of catalyst and a dosing rate of 2 g/min (run 1 in Table 19). a) First dosing step
— stoichiometric amount of hydrogen peroxide added (230.2 g); b) Second dosing step — 20%
hydrogen peroxide added (46 g). The dashed line represents the end of dosing

Figure 67b shows the total, N-oxidation and decomposition power for the second dosing
step of run 1, in which a 20% excess of hydrogen peroxide was added. As seen in Figure

67b, the decomposition power surpasses the N-oxidation at ~28 min. It can also be seen
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that after dosing is finished, the power profile decreases in a particular way. The change
in the slope of the power profile indicates a change in the reaction order, after N-
oxidation has practically finished. Sempere et al. have proposed a Langmuir-
Hinshelwood type of kinetic model, which can reproduce the change of order:™

k-Z,-[B]

Tdec = (ﬁ N 1) v (Eq. 40)

Such that reaction rate is first order at high hydrogen peroxide concentration:

k-Zy-[B] 1
Tiee = ————— if
e 4 ' K, - [B]

<1 (Eq. 41)
but the reaction rate shifts to second order when hydrogen peroxide concentration drops

_ Ky k-Z,-[B)? . 1
rdeC - V Y I’f Kb . [B]

> 1 (Eq. 42)

where

rqec 1S the rate of the decomposition reaction, mole/ (L*s)

k is the rate constant of the reaction, L/(mole*s)

Zy,  are the initial moles of catalyst

[B] isthe concentration of hydrogen peroxide, mole/L

K, isthe equilibrium constant for the formation of an intermediate between hydrogen

peroxide and the catalyst

Consequently, at large hydrogen peroxide concentrations, the decomposition reaction is
of first order with respect to hydrogen peroxide, while at low hydrogen peroxide
concentrations, the reaction is second order. However, this change of order is observed

only at specific conditions that require high concentrations of hydrogen peroxide
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present, i.e., when there is a high accumulation of hydrogen peroxide in the reactor.*® *°

For this reason, this phenomenon was not observed in most experiments performed in

this study.

The model proposed by Sempere et al.>* was later improved by Papadaki and Gao,”’ so
as to complete inadequacies of the former and to incorporate additional evidence
collected at a later stage. However both models were based on experimental data
collected at a relatively narrow range of temperature, i.e., between 85 and 100°C. The
profile obtained in Figure 67b indicates that the kinetic mechanism is the same at higher
temperature and therefore, a kinetic model written as Equation 40 can be used for this

reaction.

Figure 68a-b shows the power generated during both dosing steps of run 2. During the
first dosing step, the power of decomposition reaches a maximum at around 50 min, and
then it starts decreasing until it becomes insignificant at 190 min. At this point, the
power of the N-oxidation is practically equal to the total power. The maximum in the
decomposition is caused by the mass transfer resistance for the transport of hydrogen
peroxide from the aqueous to the organic phase, and by the low mass of catalyst used.
However, as mentioned earlier, there are inherent flaws in the calculation of the power
of decomposition, particularly at the beginning of the reaction, as it is based on pressure
differences. At the beginning of the reaction the pressure changes largely due to the
increase of vapor pressure and to any decomposition occurring at the same time.
Although the increased decomposition at the beginning of the reaction is logical, because
of the mass transfer resistance, it is difficult to distinguish between the increase of
pressure due to vapor pressure and the increase due to any oxygen produced.

Thermodynamic data would be needed in order to achieve a better estimation.
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Figure 68. Total, N-oxidation and decomposition power during the N-oxidation of 3,5-lutidine at
110°C employing 1 g of catalyst and a dosing rate of 0.5 g/min (run 2 in Table 19). a) First
dosing step — 141.4 g of hydrogen peroxide added; b) Second dosing step — 134.6 g of hydrogen
peroxide added; this amount included a 20% excess. The solid vertical line indicates the time at
which the stoichiometric amount of hydrogen peroxide has been added. The dashed line
indicates the end of dosing.

After 190 min, 95 g of hydrogen peroxide have been added, and the mass transfer
resistance is less significant. However, the power is constant because the reaction is still

limited by the dosing of material to the reactor. It can also be seen in Figure 69a that the
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power falls to zero immediately after dosing is stopped, which confirms that there was
no accumulation in the system at this point. In Figure 68a, the power fall observed at 222

min is due to a temporary interruption of dosing.

Figure 68b shows that the power resumed basically at the same point where it left off in
the previous step. The total power generated is basically the power of the N-oxidation;
the decomposition power is negligible up to the point where the stoichiometric amount
of hydrogen peroxide is added. At this point, the power of the N-oxidation starts
decreasing and the power of the decomposition increases. Once dosing finishes, both the
N-oxidation and decomposition power slowly decrease to zero, indicating an
accumulation of hydrogen peroxide in the reactor due to the low catalyst and excess
hydrogen peroxide added.

Figure 69 and Figure 70 show the power generated during runs 3 and 4, respectively. In
general, runs 3 and 4 show similar power profiles, indicating similar reaction rates. In
Figure 69, it can be seen that there is some fluctuation in the power in the first 100
minutes. This is due to temperature fluctuation as a result of the heat of solution. After
that, the power is practically constant throughout the reaction. Once dosing ends, the
power drops to zero immediately. This is thanks to the combination of high mass of
catalyst and low dosing rate, which limits the accumulation of hydrogen peroxide.

Similar to Figure 68a, the power of decomposition shown in Figure 71 is larger at the
beginning of the reaction because of the low mass of catalyst used and the mass transfer
limitations. However, after 100 minutes the decomposition power drops to practically
zero, and the power profiles are comparable to those shown in Figure 69. It is believed
this is the point at which the mixture becomes homogeneous. Because of the

milky/opaque color of the mixture, it was not possible to verify this visually.
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Figure 69. Total, N-oxidation and decomposition power generated during the N-oxidation of
3,5-lutidine at 110°C using 10 g of catalyst and a dosing rate of 0.5 g/min (run 3 in Table 19)
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Figure 70. Total, N-oxidation and decomposition power generated during the N-oxidation of
3,5-lutidine at 120°C, 1 g of catalyst and dosing rate of 0.5 g/min (run 4 in Table 19)
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It can be seen in Figure 69 and Figure 70 that approximately the same amount of power
is generated in both experiments, even though they were performed at different
temperature and catalyst concentrations. Also, the total and N-oxidation power profiles
in Figure 69 and Figure 70 show a slight increase around 240 min. At this point 120 g
(1.23 moles) of hydrogen peroxide have been added, which is the 52% of the total
addition. This is exactly the same phenomenon observed in the N-oxidation of 3-
picoline. The reason of this increase has not been confirmed. As mentioned in Section
5.2.2, it is possible that this phenomenon is related to the evaporation in the mixture, i.e.,
as dosing advances, the vapor pressure of the mixture finds a new equilibrium. 1t is
likely that the energy-consuming evaporation process becomes much less significant at

the point where the increase in the power profiles is observed.

6.3 N-oxidation of 2,6-lutidine and 2,4,6-collidine

The N-oxidation of 2,6-lutidine and 2,4,6-collidine was briefly studied using the RC1le
calorimeter and following the experimental procedure described in Subsection 6.2. The
purpose of this study was to compare the behavior of the N-oxidation of these
compounds to that of 3-picoline and 3,5-lutidine. For this study, previous observations
were tested versus a single experiment with 2,6-lutidine and 2,4,6-collidine, respectively.
Both experiments were performed at a temperature of 110 °C, using a slow dosing rate
of 0.5 g/min and high catalyst mass equal to 10 g, since this combination seemed to be
beneficial in experiments performed with the other alkylpyridines studied in this work.
Also, even though the N-oxidation of 3,5-lutidine did not benefit from the lack of water
in the initial mixture, no water was used in the experiments performed with 2,6-lutidine
and 2,4,6-collidine in order to reduce as much as possible the formation of two phases in

the initial stage of the reaction.
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6.3.1 N-oxidation of 2,6-lutidine

Table 20 shows the details of the measurement performed with 2,6-lutidine and
summarizes the results in terms of conversion and moles of hydrogen peroxide
decomposed. Severe decomposition during the experiment forced the interruption of
dosing. Two steps were required to complete the addition of the stoichiometric amount
of hydrogen peroxide. Then, the reactor was cooled down and vented and the reaction
mixture was heated up to the reaction temperature again. A 20% excess of hydrogen
peroxide was then added in a third dosing step. The purpose of adding the excess was to
observe the behavior of the system at a wide range of concentrations of 2,6-lutidine, and

compare it with other alkylpyridines.

Normalized pressure (bar)
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Figure 71. Normalized pressure increase during the different dosing steps in the N-oxidation of
2,6-lutidine at 110 °C, using 10 g of catalyst and a dosing rate of 0.5 g/min. The dashed lines
indicates the point at which dosing was stopped for each dosing step.
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Table 20. Details of experiment performed with 2,6-lutidine. Initial mass of 2,6-lutidine: 254 g (2.37 moles); stirring rate: 250 rpm; Initial
pressure (pressure at ambient temperature): 0 barg; Initial (Ti) and final temperature (Tf): 23°C

Temp.  Catalyst Mass P, O, moles  H,0, moles H:0, moles 2,6-lut
(°C) (o) dosed (g)  (barg) AP (bar) (nO2) decomp. reacted in N- conv. %
oxidation
Dosing 1 110 10 150.1 5.66 4.64 0.140 0.280 1.266 53
Dosing 2 110 10 80.3 4.34 3.28 0.089 0.178 0.649 81
Dosing 3 110 10 40.7 3.94 2.93 0.076 0.153 0.266 92

Table 21. UA, baseline, energy released and heats of reaction calculated for the experiment performed with 2,6-lutidine in the RC1le

Temp. Catalyst Df;zg UAL  UA2 Baselinel Baseline2 Qtotal Qdec QNox  AHnox
Q) @ g WO W) W) (W) k) (k) (kI  kdmole
Dosel 110 10 05 3523 4207 4289 7062 22251 2797 19454 154
Dose2 110 10 05 4207 4431  7.062 7358 12619 17.80 10840 167
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Figure 71 shows the pressure increase during the experiment performed with 2,6-
lutidine. As mentioned earlier in Section 6.2, there are several factors that influence the
pressure increase, particularly at the beginning of dosing, including mass transfer
resistance and vapor pressure changes. It can be seen in Figure 72 that during the first
dosing step, the pressure increases linearly. This indicates that the decomposition
reaction is controlled by dosing and proceeds at a constant rate. In the second dosing
step, the pressure increases at a slightly higher rate than in the first dosing step. The
conversion of 2,6-lutidine obtained after the second dosing step, in which the addition of
the stoichiometric amount of hydrogen peroxide was completed, was 81%. The third
dosing step, in which a 20% excess hydrogen peroxide was added, presented the steepest
pressure increase, even though only 40.7 g of the material were added. This is because
by the end of the second dosing step, the concentration of 2,6-lutidine had already
dropped to a value that allowed the accumulation of hydrogen peroxide and therefore,

increased the decomposition.

A final conversion of 2,6-lutidine equal to 92% was obtained. Overall from the hydrogen
peroxide added to the reactor, only 77% was used in the N-oxidation. These findings
indicate that the conditions found to work well for the N-oxidation of 3-picoline and 3,5-
lutidine are not sufficient to reduce the decomposition of hydrogen peroxide in the N-
oxidation of 2,6-lutidine.

It can also be seen in Figure 72 that the pressure stops increasing almost immediately
after dosing has ceased in the first and second dosing steps. This further verifies the lack
of accumulation of hydrogen peroxide. Instead, in the third step, the pressure continues
to increase by about 0.5 bar after dosing stops, indicating some accumulation during this

step.

From Table 20, it can be seen that the mass added in the third step was half of that added

in the second step. In turn, the mass added during the second step was almost half of that
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added in the first step. However, the net pressure increase (at ambient temperature)
obtained during the third step (2.93 bar) was only 0.35 bar higher than the net pressure
increase generated during the second dosing step (3.28); while the net pressure increase
generated during the first dosing step was 1.28 bar higher than in the second step. These
calculations show an increase in the amount of hydrogen peroxide decomposed in each

step.

It was observed that the lack of water in the initial reaction mixture does not appear to
have had any effect on the phase-equilibrium of the mixture. There was significant
decomposition during the experiment, and the results obtained are similar to those of
Saenz-Noval®® who performed experiments with an initial mixture containing of 50 mole
% 2,6-lutidine in water. Consequently, it is necessary to continue the search for
alternatives that minimize the phase separation during the N-oxidation of 2,6-lutidine in

order to ensure an inherently and more efficient process.

Calorimetric analysis

The power of the N-oxidation of 2,6-lutidine, and the power of the hydrogen peroxide
decomposition reactions were estimated using the procedure outlined in Section 5.2.2.
The quantities obtained are summarized in Table 21. The heat of reaction of the N-

oxidation of 2,6-lutidine was between 150 and 170 kJ/mole.

Figure 72a-b shows the power profiles generated during the first two dosing steps in the
N-oxidation of 2,6-lutidine. It can be seen that the power generated during the N-
oxidation of 2,6-lutidine slowly increases all throughout the first dosing step. This is
because of the mass transfer resistance; hydrogen peroxide slowly dissolves in 2,6-
lutidine and starts reacting with the alkylpyridine until the power of the reaction reaches
a fairly constant value around 14 W, as seen in Figure 72b. The power generated by the

decomposition during the N-oxidation of 2,6-lutidine was significant throughout the
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entire course of the reaction and stayed practically constant at a value around 2 W,
which is consistent with the linear pressure profiles obtained. The power generated by

the decomposition was approximately 13% of the total energy released.
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Figure 72. Total, N-oxidation and decomposition power generated during the N-oxidation of

2,6-lutidine at 110 °C, using 10 g of catalyst and a dosing rate of 0.5 g/min. a) Dosing 1 — 150.1
g of H,O; added, b) Dosing 2 — 80.3 g of H,O, added
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6.3.2 N-oxidation of 2,4,6-collidine

Table 22 show the details of the measurement performed with 2,4,6-collidine and
summarizes the results in terms of conversion of 2,4,6-collidine and moles of hydrogen
peroxide decomposed. Similar to the experiment with 2,6-lutidine, severe decomposition
during the experiment forced the interruption of dosing, requiring two steps to complete
the addition of the stoichiometric amount of hydrogen peroxide. A 20% excess of
hydrogen peroxide was then added in a third dosing step.

Normalized pressure (bar)
N

Dosing 1-134.7¢g
> Dosing2-70.029 :
Dosing 3-60.3g |
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Figure 73. Normalized pressure increase during the different dosing steps in the N-
oxidation of 2,4,6-collidine at 110 °C, using 10 g of catalyst and a dosing rate of 0.5
g/min. The dashed lines indicates the point at which dosing was stopped for each dosing
step.

Figure 73 shows the pressure increase during the experiment performed with 2,4,6-
collidine. In each dosing step, a linear pressure increase was observed, which indicates a
decomposition controlled by dosing. However, the slope of the pressure increase was

steeper in each dosing step.
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Table 22. Details of experiment performed with 2,4,6-collidine. Initial mass of 2,4,6-collidine: 254 g (2.10 moles); stirring rate: 250 rpm;
Initial pressure (pressure at ambient temperature): 0 barg; Initial (Ti) and final temperature (Tf): 23 °C

Temp.  Catalyst Mass P, O, moles  H,0, moles H:0, moles 2.4,6-
°C) ©) dosed ()  (barg) AP (bar) (nO2) decomp. reacted in N- collidine
oxidation conv. %
Dosing 1 110 10 134.7 6.14 5.13 0.159 0.317 1.069 51
Dosing 2 110 10 70.0 4.58 3.56 0.101 0.202 0.519 76
Dosing 3 110 10 60.3 7.45 7.42 0.122 0.243 0.377 9

Table 23. UA, baseline, energy released and heats of reaction calculated for the experiment performed with 2,4,6-collidine in the RCle

Temp. Catalyst Dfaslsg UA1L UA2 Baselinel Baseline2  Qtotal Qdec QNox AHnox

(°C) (9) (g/min) (W/°C) (WI°C) (W) (W) (kJ) (kJ) (kJ) kJ/mole
Dosingl 110 10 0.5 3.383  4.117 2.973 6.810 180.74 31.75  148.99 139
Dosing2 110 10 0.5 4117  4.375 6.810 8.806 113.36 20.21 93.15 180
Dosing3 110 10 0.5 4375  4.608 8.806 7.470 89.79 24.33 65.46 174
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The behavior of 2,4,6-collidine is similar to that of the sister compound 2,6-lutidine. It
can be seen in Figure 73 that the highest pressure increase was obtained during the first
dosing step. This is due to the mass transfer resistance, which promotes the
decomposition, and to vapor pressure changes. Besides, the mass dosed in the first
dosing step is almost double the mass dosed in the second step. Figure 73 also shows
that once dosing stops, the pressure stops increasing almost immediately, indicating no

or little accumulation.

After the second dosing step, in which the addition of the stoichiometric amount of
hydrogen peroxide was completed, the conversion of 2,4,6-collidine obtained was equal
to 76%. Same as in the experiment with 2,6-lutidine, the third dosing step, in which a
20% excess hydrogen peroxide was added, presented the steepest pressure increase, even
though only 60.3 g of the material were added. This is because by the end of the second
dosing step, the concentration of 2,4,6-collidine had already dropped to a value that
allowed the accumulation of hydrogen peroxide and therefore, increased the
decomposition. The final conversion of 2,4,6-collidine after the third dosing step, in

which a 20% hydrogen peroxide was added, was of 94%.

Although a high conversion of 2,4,6-collidine was obtained, it must be taken into
account that a 20% excess of hydrogen peroxide was required to achieve this result.
However, the main issue is that the decomposition of hydrogen peroxide was significant
throughout the entire course of the reaction, which made the process hazardous and
inefficient. Compared to 2,6-lutidine, 2,4,6-collidine seemed more difficult to oxidize.
For each dosing step in the N-oxidation of 2,4,6-collidine, the net pressure increase (at
ambient temperature) was always higher than the net pressure increase obtained for each

step in the N-oxidation of 2,6-lutidine.
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From Table 22, it can be seen that although the mass added in the second step (70 g) was
10 g lower that the mass added in the third step (60.3 g), the net pressure increase (at
ambient temperature) obtained during the third step (7.42 bar) was more than double the
net pressure increase obtained in the second step (3.52 bar). These calculations show an
increase in the amount of hydrogen peroxide decomposed in each step and the effect of

accumulation on the decomposition reaction.

Same as 2,6-lutidine, no benefit was obtained from the lack of water in the initial
reaction mixture for the N-oxidation of 2,4,6-collidine. As mentioned earlier, this
compound was the most difficult to N-oxidize and there was significant decomposition
throughout the experiment. Alternatives to achieve a homogeneous mixture are much
needed in order to improve the safety and efficiency of the N-oxidation of 2,4,6-

collidine.

Calorimetric analysis

The power of the N-oxidation 2,4,6-collidine, and the power of the hydrogen peroxide
decomposition were estimated and the quantities obtained are summarized in Table 23.
The heat of reaction of the N-oxidation of 2,4,6-collidine was between 140 and 180
kJ/mole. The power of decomposition was higher in the N-oxidation of 2,4,6-collidine,
than in the N-oxidation of 2,4,6-lutidine, indicating that this molecule is more difficult to

oxidize.
Figures 74a-c show the power profiles generated during the three dosing steps in the N-

oxidation of 2,4,6-collidine. It can be seen that the power profiles for 2,4,6-collidine are

very similar to those of 2,6-lutidine, meaning that both compounds behave similarly.

172



Power (W)

\L Qtot
g - Qdec
% > Qnox
g
0 50 100 150 200 250
20 Time (min)
b.
18 -
16 -
14 -
<12 -
.
5 0 1 Qtot
% 8 ] - Qdec
% 6 1 = Qnox
4-
2
OiH“HO‘HHHH\HH\HH\HH\H
0 20 40 60 80 100 120 140 160
Time (min)
16 ; c
14
12
g
— g Qtot
s 1 - Qdec
L6 - QNox
4 -
5
0 30 60 90 120 150
Time (min)

Figure 74. Total, N-oxidation and decomposition power generated during the N-oxidation of
2,4,6-lutidine at 110°C using 10 g of catalyst and a dosing rate of 0.5 g/min. a) Dosing 1 —134.7
g of H,0, added, b) Dosing 2 —70.02 g of H,O, added , ¢) Dosing 3 — 60.26 g of H,0O, added
Similar results were obtained for the N-oxidation of 2,4,6-collidine, as shown in
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Figure 74 shows that during the first dosing step, the power of decomposition was at a
constant value of 2 W. This value increased to 3 W in the second step and reached the 4
W in the third dosing step. In total, the power generated by the decomposition amounted
20% of the total energy released. This is a large percentage compared to the total

decomposed in the N-oxidation of other alkylpyridines included in this study.

It can also be seen in the power profiles shown in

Figure 74 that the power profiles drop to zero almost immediately after dosing is
stopped, which indicates that there was no accumulation of hydrogen peroxide in the
mixture, even though a 20% excess of hydrogen peroxide was used in the experiment.
This is because of the minimal accumulation of hydrogen peroxide in the mixture.
Therefore, the severe decomposition in the N-oxidation of 2,4,6-collidine is not owed to

hydrogen peroxide accumulation, but to the mass transfer resistance.

Discussion

The experiments conducted with 2,6-lutidine and 2,4,6-collidine show a different
behavior than the sister compounds 3-picoline and 3,5-lutidine. Although the power of
the N-oxidation reaction is similar, i.e., practically constant throughout the reaction, the
power generated by the decomposition is much stronger. It was previously shown in
Figure 69 and Figure 70 that the decomposition of hydrogen peroxide during the N-
oxidation of 3,5-lutidine becomes insignificant after a certain point in the reaction.
Instead, the decomposition power in the N-oxidation of 2,6-lutidine remains constant,
and in the case of 2,4,6-collidine, it increases. This may indicate that 2,6-lutidine and
2,4,6-collidine are molecules more difficult to oxidize due to their chemical structure, or
that the two phases, i.e., aqueous and organic, do not dissolve throughout the course of
the reaction. However, as mentioned earlier, there is no information available in the
literature on the phase-equilibrium on these reacting systems. Further research on the
phase-equilibrium the compounds involved in the N-oxidation of higher order

alkylpyridines is necessary to improve the safety and efficiency of the process.
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6.4 Conclusions

The N-oxidation of 3,5-lutidine was studied using two different isothermal reaction
calorimeters, with the reactor operating under pressure, and different conditions to

examine their effect on the hazards and efficiency of the N-oxidation.

The experiments conducted showed that it is possible to obtain high conversions of 3,5-
lutidine without using an excess of hydrogen peroxide. It was also shown that the
behavior of 3,5-lutidine is similar to that of 3-picoline. However, 3,5-lutidine appears to
be more negatively affected by high dosing rates than 3-picoline. Therefore, it is
recommended to use slow dosing rates for the N-oxidation of this compound.

The evaluation of the power profiles showed the point at which the mixture becomes
homogeneous, which is the point where the decomposition power drops to a value close
to zero. However, as mentioned earlier, thermodynamic data would be needed in order to

achieve a better estimation of the decomposition power.

The N-oxidation of 2,6-lutidine and 2,4,6-collidine was studied using the RCle
isothermal calorimeter to compare their behavior with that of sister compounds included
in this study. It was found that these compounds are less amenable to the N-oxidation
than 3-picoline and 3,5-lutidine. Vigorous decomposition of hydrogen peroxide occurred
throughout the entire course of the reaction, which required several dosing steps to add
the required mass of hydrogen peroxide. Conditions that affect positively the N-
oxidation of 3-picoline and 3,5-lutidine, i.e., higher temperature, low dosing rate, high
mass of catalyst, do not seem to significantly increase the safety and efficiency of the N-
oxidation of 2,6-lutidine and 2,4,6-collidine. Therefore, it is imperative to find

alternatives that can minimize the formation of two-phases in the reaction mixture.

The heat of reaction for all higher alkylpyridines studied here was found to be between

150 and 170 kJ/mole of alkylpyridine reacted, which is consistent with previous works.
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7. STUDY OF THE N-OXIDATION OF ALKYLPYRIDINES BY MEANS OF
IN-SITU FTIR

Reaction calorimetry is a sensitive technique, which can be affected by minimum
disturbances during an experiment. During a calorimetric experiment, typically samples
are taken at regular intervals to determine the extent of the reaction, as well as
concentrations of the different species involved in the reaction under study. This
information can later be used for kinetic analysis. However, the extraction of samples
during a calorimetric measurement not only disturbs the system, but it also reduces the
volume of reaction, contributing to the error in the measurement. Furthermore, short
living intermediates may disappear from the sample before it is analyzed using an off-
line technique such as gas chromatography (GC), high performance liquid
chromatography (HPLC), or nuclear magnetic resonance (NMR). Therefore, it is

desirable to use a non-intrusive method, which can provide reliable concentration data.

Previous works have reported the use of in-situ FTIR spectroscopy as an analytical tool
to obtain quantitative data on concentration for different purposes. For example, da Silva
and Cajaiba da Silva® have used attenuated total reflectance (ATR) FTIR spectroscopy
and heat flow calorimetry to determine the solubility curve of adipic acid in acetone to
illustrate a methodology that can be used for the development of crystallization
processes; de Souza and Cajaiba da Silva® used real-time ATR-FTIR spectroscopy to
obtain quantitative data on the yield during the synthesis of biodiesel. Hamminga et al.**
have used the same technique to study the Kkinetics and reaction mechanism of liquid
phase hydrogenation of y-butyrolactone to 1,4-butanediol over a copper zinc oxide
catalyst at high temperature and pressure. Many other examples and applications of in-

situ FTIR are available in the literature.>>°
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In this work, the N-oxidation of alkylpyridines is studied by means of in-situ FTIR,
simultaneously with calorimetric measurements described in Section 5.2. The key and
target objective is to identify reaction Kinetics and reaction pathways via the
measurement of concentrations of reactants products and intermediates. This is a
formidable task by itself, which requires the accomplishment of several targets, as

outlined below.

The first objective is to obtain reliable concentration data to compare with
concentrations obtained from calorimetric data. Concentration data is not only useful for
kinetic analysis but also to evaluate reactant accumulation in the reactor and subsequent

evaluation of runaway scenarios.

The procedure to obtain concentrations from calorimetric data (power output) in an open

1.°* and Papadaki.”® As mentioned in Section

system has been outlined by Sempere et a
5.2.2., the power of the N-oxidation is calculated by subtracting the power of the
decomposition from the total power. In an open system, an oxygen mass flow meter can
be used to estimate the mass of hydrogen peroxide decomposed, and thus the power
generated by the decomposition. However, in a semi-closed system operating under
pressure, the calculation of the power of the decomposition of hydrogen peroxide is
based on pressure differences. Therefore, the accurate estimation of concentration from
calorimetric data, for a closed system, depends on the measurement of the pressure,
which accounts for the generation of gas and vapors. In order to determine the increase
of pressure due to oxygen generation only, it is necessary to know how the vapor
pressure of the mixture changes throughout the reaction; however, this information is not
available in literature, for which it is necessary to make some assumptions, as noted in
Section 5. These assumptions have an inherent error associated to them, which is
reflected in the estimation of concentration data. In addition, the measurement of

pressure is very noisy, particularly at high temperatures, and it is affected by temperature
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fluctuations in the reactor, which are more pronounced at the beginning of dosing and at

higher dosing rates.

The second objective is to estimate the end point of the reaction. Even though it has been
shown that high conversions can be achieved, it is necessary to estimate the point at
which the reaction advances so slowly that it is not worth continuing it. In the context of
the N-oxidation of alkylpyridines, the end point of the reaction is also useful for the
design of an inherently safer process, i.e., the reaction should be stopped when the N-
oxidation proceeds so slowly that the decomposition of hydrogen peroxide

predominates.

The third objective is to identify the formation of intermediates and other events
throughout the course of the reaction. In-situ FTIR allows further insight of the reaction
by providing a ‘movie’ of the reaction. Lastly, the purpose of this study is also to
evaluate the performance of in-situ FTIR and determine its advantages and
disadvantages as an analytical tool for the study of complex reactions. In order to
illustrate the methodology, the infrared study was conducted for the N-oxidation of 3-

picoline.

7.1 Infrared Probe Calibration

According to the Beer-Lambert law,'®

the absorbance of a compound is directly
proportional to the path length of the beam in the absorbance medium and to the
concentration:

A=ebC
where A is the absorbance of the compound, b is the path length of the beam, C is the

concentration of the compound, and ¢ is the constant of proportionality, which is called

the molar absorptivity.®* Therefore, at a constant path length, the absorbance is directly
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proportional to the concentration, i.e., a plot of absorbance versus concentration will

give a straight line.

The infrared probe was calibrated by performing a series of experiments in the RCle
calorimeter. The goal of the calibration experiments was to find the relationship
between peak absorbance and concentration of the chemicals of interest, in this case, 3-

picoline and 3-picoline-N-oxide (3Nox).

The FTIR probe was calibrated at 60, 80, and 110 °C according to the methodology
outlined here: 350 ml of water were added in the reactor and heated to the desired
temperature, which was maintained constant for the whole measurement. A total of 400
ml of 3-picoline were added in a step-wise process using 20 ml in each step. The
temperature was allowed to stabilize after each addition step. After the temperature was

stabilized in its set value, infrared (IR) spectra were collected every 1 minute.

Characteristic peaks of the 3-picoline IR spectra were selected and their peak heights
were tracked throughout the experiment. A similar process was employed for the
correlation of the infrared light absorption of the 3Nox/water solution. Pure water was
employed and small quantities of 3Nox were added in a step-wise mode. Then, the
influence of the absorbance of the product on the reactant, and vice versa, was examined
by adding 3Nox in a step-wise mode to an aqueous solution containing 3-picoline, and
the peak heights were measured at the selected frequencies. The calibration was done at
different temperatures in order to observe the effect of the temperature on the
absorbance.

In the next sections, the spectra of the compounds involved in the N-oxidation of
alkylpyridines are shown and the most distinct IR bands of each one of them are
determined. Then, the method used to perform the calibrations is described and the

results are discussed. In addition, the synergistic effects between different compounds
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are also assessed, e.g., effect of water and/or catalyst on the spectra, influence of 3Nox

on the absorption of 3-picoline and vice versa.

7.1.1 Selection of peaks

Figure 75 and Figure 76 show the spectra of 3-picoline and 3Nox, respectively, as
obtained during the collection of reference spectra using the ReactlR 15™. No data
treatment, e.g., subtraction of water, has been applied to the spectra shown in Figure 75
and Figure 76.
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Figure 75. Infrared spectrum of 3-picoline used as reference for the calibration of the infrared
probe

Both 3-picoline and 3Nox present most of their characteristic peaks in the 1800-650 cm™
region. Other peaks can also be observed at wavenumbers higher than 1800 cm™.
However, the probe tip has a diamond-composite sensor, which absorbs infrared light in

the 1950-2250 cm™ region; consequently, this region is considered a “blind spot’ and no
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useful information can be obtained from there. Therefore, the region of the infrared

spectra selected for the study of the N-oxidation of 3-picoline was 1800-650 cm™.
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Figure 76. Infrared spectrum of 3-picoline-N-oxide used as reference for the calibration of the
infrared probe

Table 24 shows the vibrational frequencies observed in the spectra of 3-picoline and
3Nox in the selected range of study. The assignment of the vibrational frequencies for
the spectrum of 3-picoline was done according to the work of Lopez-Tocon et al.'®* and
for 3Nox, the work of Katritzky et al. was followed.®® Table 25 shows the assignment

of the bands observed for the catalyst, according to the work of Mane et al.***

3Nox is highly hygroscopic; for this reason, the sample used to obtain the reference
spectra contained a small amount of water. The effect of the water in the 3Nox spectrum
can be seen in the band around 1640 cm™ and also at wavenumbers below 1000 cm™,

where the spectrum show an upwards trend similar to the spectrum of water.
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Table 24. Assignment of vibrational frequencies for the IR spectra of 3-picoline and 3Nox

3-picoline 3Nox
Character Fr((egr:ir)\cy Character Fr(egr:ir)]cy
Vring 1599 v(CC, CN) 1607
Vring 1579 v(CC, CN) 1569
3(CH) 1480 v(CC, CN) 1487
das(CHa) 1457 v(CC, CN) 1428
3(CH) 1416 v'N-O~ 1268
3s(CH3) 1386 ? 1165
v(CX) 1230 Ring 1018
3(CH) 1192 v(CH) 947
Vring 1126
Vring 1045
Bring 1029
v(CH) 990
Vring 786
Tring 712

Table 25. Assignment of vibrational frequencies for the IR spectrum of phosphotungstic acid.'*

Assignment Frequency (cm™)
W-OW v, 770
W-O-W v, 884

P-O 1087
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Figure 77. Infrared spectra of 3-picoline, 3Nox, and water

Figure 77 shows the spectra of 3-picoline, 3Nox, and water in the region selected for this
study. It can be seen that the infrared spectrum of 3Nox contains strong bands that
overlap many of the characteristic bands of 3-picoline. Also, water absorbance is very
strong at wavenumbers below 1000 cm™ and in the range 1550-1750 cm™. Therefore,

water may interfere with the measurements in these ranges.

Figure 78 shows the spectra of 3-picoline with different amounts of phosphotungstic
acid dissolved in a small quantity of water (20-30 g). The ReactIR 15 instrument usually
does not “see” the solids in solution. However, as shown in Figure 78, when the
concentration of catalyst is high enough, the instrument can detect the presence of
phosphotungstic acid. The increased height of the bands at 712 and 786 cm™ is due to

additional water in the mixture, from the phosphotungstic acid, which is a hydrate.

For the selection of the peaks to be used for each compound, two criteria should be
fulfilled: a distinct absorption of the compound at the selected wavenumber and a
negligible or minimal absorption of the rest of the compounds in that specific
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wavenumber if possible. Clearly, 3-picoline and 3Nox have very similar structures and
therefore share several characteristic peaks. However, because molecular, chemical, and
physical environment have a strong effect on the infrared spectrum, bands corresponding
to the same vibrations can be shown in slightly different locations.’® This difference
offers an advantage for the calibration, because there are more peaks available to track.
In addition, the band corresponding to the N-O (1268 cm™) bond in the infrared

spectrum of 3Nox is strong and unique, and could therefore be used for the calibration.
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Figure 78. IR spectra of pure 3-picoline, and 3-picoline with a small quantity of water and
different amounts of phosphotungstic acid.

In order to obtain more clear and defined peaks and eliminate some of the peak overlap,
the second derivative was applied to the spectra. The second derivative also reduces the
effect of water in the spectra. Figure 79a-c show the spectra of 3-picoline, 3Nox, and

water after the second derivative was applied.
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Figure 79. Infrared spectra of 3-picoline, 3Nox, and water with second derivative applied. a)
Full region of study shown; b) Zoom-in region 1350-1000 cm™; ¢) Zoom-in region 1000-650 cm®
1

By using the second derivative, it was possible to trend some peaks characteristic of 3-
picoline, e.g., 1192 and 1126 cm™, which were not clear or were overlapped before. It
can also be seen in Figure 79 that the spectrum of water was reduced to an almost flat

line, which does not overlap with other compounds. The bands selected for trending are
listed in Table 26.
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Table 26. Selected frequencies for the calibration of the infrared probe

Frequency
(em™)

3-picoline 3Nox
712 749
1126 947
1192 1165
1268

Once the characteristic peaks of the spectra were selected, their peak heights to zero
were followed throughout the experiment. Figure 80 shows the change of peak height
with concentration at different frequencies throughout the calibration experiment
performed at 110 °C with 3-picoline. Low peak heights correspond to lower
concentrations of 3-picoline. Figure 81 shows the peak trends for 3-picoline with respect
to time (only part of the experiment time is shown) during one of the calibration
experiments with 3-picoline performed at 110 °C. The addition steps are clearly shown
in Figure 81, which demonstrates the sensitivity of the probe. For each concentration
(each addition step), the peak heights were averaged; then, the average was used as the

reference value for the corresponding solution concentration to develop a univariate

model.
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Figure 80. Peak height variation with concentration of 3-picoline at the selected frequencies
during a calibration experiment performed at 110 °C. a) Peak height at 1192 cm™; b) Peak height
at 1126 cm™; and c) Peak height at 712 cm™
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Figure 81. Peak trends for 3-picoline at the selected frequencies showing the addition steps

Figure 82a-c show the peak height of different absorption bands as a function of 3-
picoline concentration at 110 °C in an aqueous solution containing only 3-picoline. As
can be seen in Figure 82 the absorption at 1192 cm™ changed linearly with
concentrations up to 5.5 mole/L, while absorption at 712 cm™ was not linear throughout
the entire concentration range. Instead, the peak at 712 cm™ shows a quadratic trend.

The absorption at 1126 cm™ was also linear up to 5.5 mole/L; however, the absorption at
this frequency loses its linearity at concentrations below 2 mole/L. The concentration of
3-picoline during a reaction lies in the range of 9.5 mole/L to zero, while the
concentration of its N-oxide is between zero and 4.9 mole/L.

188



0.05 |
0.04
0.03

0.02 -

Peak Height (A.U.)

0.01 - )

0=\\\\\\\\w\wwww\wwww\wwww\wwww

0 1 2 3 4 5 6
3-picoline concentration (mol/L)

0.008 - b.
0.007 -
0.006 -
0.005 -
0.004 -
0.003 -
0.002 -
0.001 -

0 ] T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T
0 1 2 3 4 5 6
3-picoline concentration (mol/L)

Peak Height (A.U.)

0.02 -
0.016 -
0.012

0.008

Peak Height (A.U.)

0.004 -

0 L T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T 17T
0 1 2 3 4 5 6
3-picoline concentration (mol/L)

Figure 82. Linear relationship between peak height and concentration of 3-picoline at the
selected frequencies: a) 712 cm™; b) 1126 cm™; and ¢) 1192 cm™
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A blank N-oxidation experiment performed at 110 °C was used to evaluate the infrared
absorption at higher concentrations than those shown in Figure 82. In the blank
experiment, pure 3-picoline was loaded to the reactor and brought to the experiment
temperature. Then, instead of adding hydrogen peroxide, an amount of water equal to
that of hydrogen peroxide was added at a rate of 4 g/min. Thus, the N-oxidation reaction
did not occur and the concentration of 3-picoline decreased only due to the dilution
effect. During the experiment, infrared spectra were taken every minute and the
aforementioned infrared bands were followed. Due to the constant dosing of water, the
concentration of 3-picoline changed continuously, as opposed to steps, from 9.5 mole/L
to 4.9 mole/L.

Figure 83 shows the peak height vs. 3-picoline concentration for both the calibration
experiment and the blank experiment. Although two separate experiments are shown in
the plots, the overlap is almost perfect, except in the case of the band at 1126 cm™. As in
Figure 82, the peak height at 712 cm™ shows a quadratic relationship with 3-picoline
concentration. In the case of the absorptions at 1192 and 1126 cm™, the trends seem to

lose linearity at concentrations above 8.8 mole/L.
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Figure 84. Peak trends for 3Nox at different frequencies showing the addition steps

A similar process was employed for the correlation of the absorption 3Nox solutions.
Figure 84 shows the peak trends for 3Nox with respect to time (only part of the
experiment time is shown) during one of the calibration experiments with 3Nox

performed at 60 °C. The addition steps are clearly shown in Figure 84.

Figure 85a-d show the peak height of different absorption bands as a function of 3Nox
concentration in an aqueous solution at 60°C. As can be seen in
Figure 85, all the 3Nox selected absorption peaks change linearly with 3Nox

concentrations up to 2.5 mole/L.

7.1.2 Temperature effect

In order to see the effect of temperature on the infrared spectra, calibration experiments
with 3-picoline/water solutions were performed at 60, 80, and 110°C, following the

procedure outlined in Section 7.1. Figure 86a-c show the peak height as a function of 3-

picoline concentration at different temperatures.

192



Peak Height (A.U.)

Peak Height (A.U.)

0.05
1 a.

0.04 ° .
)
<

0.03 et
<
=2
I

0.02 v
3

] o

0.01

1 y =0.0163x + 0.0034
1 R2=0.9818
0 *— —— T
0 0.5 1 15 2
3Nox concentration (mol/L)
0.025
1 C.
0.02
° ~
1 2
0.015 | <
1 E
=2
L3

0.01 I
X
[}

] a

0.005 y = 0.0077x + 0.0017

< R2=0.984
o
0 0.5 1 15 2

3Nox concentration (mol/L)

0.04

b.
003 |
0.02 |
0.01 |
] y = 0.0122x + 0.0033
| Rz =0.9911
O e B S
0 05 1 15 2
3Nox concentration (mol/L)
0.018
] d.
0.015 |
0.012 -
0.009
0.006 |
0.003 y = 0.0066x + 0.0006
r R2=0.9952
o
0 05 1 15 2

3Nox concentration (mol/L)

Figure 85. Peak heights as a function of 3Nox concentration in water at 60 °C at the
selected frequencies: a) 1165 cm™; b) 1268 cm™; and c) 749 cm™; and d) 947 cm™

It can be seen from Figure 86 that the temperature has a slight effect on the infrared

absorption at the selected frequencies. The peak height at 712 cm™ is the least affected

by temperature changes. Higher temperatures lead to lower absorption, and the effect of

the temperature is more pronounced at high concentrations. The comparison shown in

Figure 86 emphasizes the importance of performing the calibration at the temperature of

the reaction; extrapolations from other temperatures can lead to serious mistakes in the

prediction of concentration.
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7.1.3 Synergistic effects in the infrared spectra

In order to examine the influence that the absorbance of the product has on the reactant
and vice versa, 3Nox was added in a step-wise mode on an aqueous solution containing

3-picoline, and the peak heights were measured at the aforementioned frequencies.
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Figure 87. Peak height as a function of 3-picoline concentration at 60°C, at the selected
frequencies of 712 cm™ (blue) and 1192 cm™ (orange), in presence of 3Nox (open markers) and
without 3Nox (closed markers)

Figure 87 shows that the peak height is affected by the presence of the 3Nox, in
particular, the peak at 712 cm™. The change in the peak at 1192 cm™ is less noticeable;
however, due to the few data points, it is not possible to determine with certainty the
magnitude of the difference over the entire concentration range.

Figure 88 shows the effect of 3-picoline on the peak heights of 3Nox. Evidently, the peak
heights change dramatically in presence of 3Nox. As mentioned earlier, the molecular,
chemical, and physical environment have a strong effect on the infrared spectrum.'®®
Therefore, in order to have more accurate calibration, it is necessary to have a calibration

environment as similar as possible to the reaction mixture. An alternative way to
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calibrate the infrared probe would be to perform a reaction and take samples at regular
intervals to be analyzed offline using a GC or HPLC. Then, concentration data may be

used for the calibration.
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Figure 88. Peak height as a function of 3Nox concentration at 60°C at the selected frequencies
in the presence of 3-picoline (open markers) and without 3-picoline (closed markers); a) 1165
cm™: b) 1268 cm™; ¢) 749 cm™; d) 948 cm™

7.2 Estimation of Concentration from IR Data

Once the linear relationships between peak height and concentration were found,
concentrations calculated calorimetrically were compared with those calculated using the

linear relationships obtained from the IR calibration.
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Figure 89 shows a comparison of concentrations calculated calorimetrically and using
the IR calibration for an experiment performed at 110 °C, with 10 g catalyst, a dosing

rate of 4 g/min and a stirring rate of 250 rpm (part of factorial design, see Section 5.2).

As shown in Figure 87, the peak at 712 cm™ is not ideal for the measurement of 3-
picoline concentration because it is strongly affected by the presence of 3Nox. Further
evidence is provided by Figure 89. It is clear that the peak at 712 cm™ does not

accurately represent the concentration of 3-picoline throughout the experiment.
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Figure 89. Comparison of concentrations calculated calorimetrically and using in-situ FTIR for
an N-oxidation of 3-picoline performed at 110 °C using 10 g of catalyst

For the prediction of the concentration of 3-picoline, peaks at 1126 cm™ and 1192 cm™
show a much better agreement with calorimetric concentration. However, there are some

differences at the beginning and at the end of the measurement.
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Differences at the beginning can be explained in part due to the temperature variation in
the reactor. In the first five minutes of the measurement, there is a temperature overshoot
of approximately 5 °C caused by the initiation of dosing to the reactor and the heat of
mixing. Subsequently, the temperature slowly stabilizes. Additionally, the disagreement
between concentrations at the beginning of the reaction may be because the infrared
probe is not sensitive to high concentrations. As mentioned earlier, for the frequencies
tracked, the peak height loses linearity with concentration at around 8.8 mole/L, so the
prediction at higher concentrations is not accurate (See Figure 83). There is also some
disagreement at the end of the experiment between the concentrations calculated
calorimetrically and using the IR. This is because the probe was not sensitive to low
concentrations. As shown in Figure 82, peak heights at 712 cm™ and 1126 cm™ were not
linear at concentrations below 2 mole/L. In addition to the inaccurate spectrometric
measurement of concentration, the absolute error in the power of the reaction is
comparable to the measured power itself, thus rendering the reliable calorimetrically

calculated concentration also problematic.

With regards to 3Nox, it can be seen in Figure 89 that concentrations calculated using
the IR calibration are widely underpredicted, except the first 13 minutes for the
concentration calculated from peak height at 947 cm™, which show erroneous behavior;
it is impossible that the concentration of 3Nox starts at a value other than zero. This
disagreement is likely due to the fact that the catalyst has some interference at this
frequency (947 cm™), as shown in Figure 78. After 13 minutes, the correlation for 947
cm™ shows agreement with the 3Nox concentrations calculated from peak heights at

other frequencies.

During experiments performed in the RCl1e, it was observed that when 10 g of catalyst
were used, some of the catalyst precipitated. The catalyst typically dissolved after adding
approximately 50 g of the hydrogen peroxide 35 wt. % aqueous solution. The

experiment shown in Figure 89 was performed using a dosing rate of 4 g/min; at this
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rate, 52 g would be added after 13 min, which supports the hypothesis that undissolved

catalyst may have interfered with the peak height measurement at this frequency.

7.2.1 Estimation of concentration from conversion data

Figure 90 shows a 3D plot of the infrared absorption evolution during the N-oxidation of
3-picoline. The plot consists of all the IR spectra taken throughout the dosing and stir-
out period, and it allows for seeing the change in absorption intensity at different

frequencies over time.
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Figure 90. 3D plot of the infrared absorption evolution during an N-oxidation of 3-picoline at
110°C using 1 g of catalyst

Figure 91 shows a set of selected spectra taken from the plot shown in Figure 90 at
specific times, i.e., each spectrum shown in

Figure 91 is a ‘slice” of the 3D plot at a certain time.
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Figure 91. Variation of absorption intensity at different frequencies during the N-oxidation of 3-
picoline at 110 °C and 10 g of catalyst using a dosing rate of 4 g/min and a stirring rate of 250
rpm

The conversion of 3-picoline at any time t can be calculated as:®

. peak height (t)
% conversion (t) =1 — max. peak height %X 100 (Eq. 43)
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Peak height (t) is the height of the peak at the selected frequency at any given time. For
3-picoline, the maximum peak height is the peak height at the selected frequency right
before dosing starts. Figure 92 shows the conversions for three different experiments,
calculated using Equation 43 and the peak height at 1192 cm™. This frequency was
selected because of its linearity with 3-picoline concentration throughout most of the
range of concentrations of the experiment. From Figure 92, it can be seen that all three
measurements follow approximately the same path. This indicates that the reaction is
controlled by dosing. Temperature does not provide any benefit. Although the reaction
certainly occurs at a faster rate at 125 °C, it is controlled by dosing, so no difference is

observed with the experiments performed at lower temperatures.

100
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1 —110°C, 10 g
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3-picoline conversion (%)

Time (min)

Figure 92. 3-picoline conversions for three N-oxidation experiments performed at different
temperature and catalyst concentrations. In all experiments, a dosing rate of 0.5 g/min and a
stirring rate of 250 rpm were used

Table 27 shows a comparison of the conversions of 3-picoline calculated using Equation
43 and the conversions calculated using the method described in Section 5.1, for the
three experiments shown in Figure 92. It can be seen in Table 27 that the conversions
calculated using the two different methods agree well, with the greatest difference being

1.1%. Experiment 2 leads to a higher conversion due to the positive effect of the
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catalyst. However, the achieved increase in conversion of experiment 2 is only 3.3%,

using 10 times as much catalyst as in experiment 1.

Table 27. Comparison of final conversions obtained from IR data and conversions calculated
from pressure differences for the experiments shown in Figure 92

Exp. Conditions % Conversion %Conversion .
(from IR) (from pressure calculations)

1 110°C, 1 g catalyst 95.4 96.5

2 110°C, 10 g catalyst 98.7 98.0

3 125°C, 1 g catalyst 95.6 95.2

Conversions obtained using Equation 43 were also used to calculate concentrations,

using the following equation:

N3—pico (1 —X) (Eq. 44)

[3pic] = v

where,

[3pic] is the concentration of 3-picoline,

N3_pico  are the initial moles of 3-picoline in the reactor,

X is the conversion, calculated with Equation 36, and

%4 is the volume of the reaction mixture

202



=
o

T j —From calorimetric data
= —From IR conversions
é 8 |
§7
g 6 -
g%
§ 4 -
23
g2
o
i é a
0 100 200 300 400 500
Time (min)

10 - : :

—_ 3 —From calorimetric data

= 9 - .

S ] From IR conversions

E’

g7 N

g 6

§ 5

§ 4

g3

g 2

o

o lop
07‘\\\\\\\\\\\\\\\\\\\\\\\\v—‘v

0 100 200 300 400 500
Time (min)

10 - —From calorimetric data
g9 —From IR conversion
S 3
E
c 7
2
T 6
=
§ 5
5 4
(&]
g3
8 2
o
o 1 c

0:‘\\\\\\\\\\\\\\\\\\\\\\\\

0 100 200 300 400 500

Time (min)

Figure 93. Comparison of concentrations calculated from calorimetric data and from Equation
38 for the N-oxidation of 3-picoline at different temperatures and mass of catalyst. a) 110 °C and
1 g of catalyst; b) 110 °C and 10 g of catalyst; a) 125 °C and 1 g of catalyst;

203



Figure 93 shows a comparison of 3-picoline concentration calculated from calorimetric
data and concentrations calculated using Equation 44. In all cases, the concentrations
estimated from IR conversions and from calorimetric data have similar start and finish
values, but they do not follow exactly the same path. As will be shown in Section 7.3, it
appears that an intermediate forms in the reaction. The intermediate has peaks that
correspond to both 3-picoline and 3Nox, including the peak at 1192 cm™. Thus, the
concentration obtained from IR conversions may represent more than one compound (3-
picoline and an intermediate) and it cannot be directly compared to concentrations
obtained from calorimetric data, where it is assumed that the concentration of 3-picoline

decreases according to a single reaction.

7.3 Study of the N-oxidation of Alkylpyridines Using ConclRT™

ConcIRT™ is a curve-resolution algorithm that searches the collected infrared spectra to
identify groups of wavenumbers that change in the same manner, i.e., at the same rate.
The algorithm assumes that the wavenumbers that change in the same way belong to the
same component, and thus, it provides an individual spectrum for each identified
component. At the same time, ConcIRT'™ also calculates the relative concentration
profiles of each component.®’ ConcIRT™ can be used in real time, while the spectra are
being collected, but it can also be used during an offline analysis.

ConcIRT™ offers several advantages over other analytical techniques. It is fast, it can be
used in real-time and it is possible to detect unstable, fast-disappearing intermediates.**
Because of those advantages, ConclRT™ has been previously used in different studies,
including kinetic and mechanistic studies, polymer synthesis, and homogeneous- and

bio-catalysis.*

A time frame as well as a frequency interval must be specified for the ConcIRT™

analyses. In this study, the time frame has been limited to the dosing of material and
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stabilization period once dosing has finished. By default, ConcIRT™

analyzes the
“fingerprint” region of the infrared spectrum, which is located between 1900 cm™ and
900 cm™. As mentioned earlier, most changes in N-oxidation of 3-picoline occur
between 1800 cm™ and 650 cm™; therefore, the ConcIRT™ analysis was limited to this
region. No second derivative or any other data treatment was applied to the data before
running the ConclRT™ software, as data treatment could lead to overprediction and
wrong estimations of the software. It must be emphasized that ConcIRT™ is based on

mathematical models, and has no “chemical sense”. Therefore, it is necessary to

carefully interpret the results with chemical knowledge.*®

Figure 94 shows the relative concentrations profiles obtained from ConcIRT™ for the
N-oxidation of 3-picoline performed at 110 °C, using 1 g of catalyst, a dosing rate of 0.5
g/min, and a stirring rate of 250 rpm. It can be seen from Figure 94 that ConcIRT™

identified three components. ConcIRT™

compares the reference spectra with the spectra
of the identified components and automatically labels any known components. For the
analysis shown in Figure 94, ConcIRT™ labeled Component #1 as 3-picoline and
Component #3 as 3Nox. It is clear from the profiles of components #1 and #3 that one of
them is the reactant (#1) and the other one is the product (#3). Component #2 is an

unidentified reaction intermediate.
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Figure 94. Relative concentration profiles identified by ConclRT™ for the N-oxidation of 3-
picoline at 110 °C using 1 g of catalyst, a dosing rate of 0.5 g/min, and a stirring rate of 250 rpm

Figure 95 and Figure 96 show a comparison of the reference spectra of 3-picoline and
3Nox and the spectra calculated by ConcIRT™. It can be seen that the reference and

calculated spectra match almost perfectly.

Figure 97 shows the spectrum of the intermediate and it is compared to the spectrum of
3-picoline. It can be seen that the spectrum of the intermediate follows the spectrum of
3-picoline very closely. However, it also presents characteristic peaks of 3Nox at 1271
cm™ and 1167 cm™, although the frequencies are slightly shifted by 2-3 cm™. Given the
spectrum of the intermediate, it can be hypothesized that the intermediate is formed by
some type of complex between the 3-picoline molecule and oxygen from the hydrogen
peroxide/catalyst, such that the complex intermediate presents vibrations at the same

frequencies as the N-oxide.
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Component #1 by ConcIRT™
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Figure 97. Comparison of the reference spectrum of 3-picoline and the spectrum of the
intermediate component identified by ConcIRT™

In order to identify the intermediate, the infrared spectrum of a mixture of 3-picoline and
hydrogen peroxide (35 wt. %) was taken, as well as the spectrum of hydrogen peroxide
35 wt. % by itself. The spectrum of a mixture of hydrogen peroxide and phosphotungstic
acid was also taken, but it showed to be the same as the spectra of hydrogen peroxide.
The spectra taken are shown in Figure 98. Also, the spectrum of the initial reaction
mixture composed of 3-picoline, phosphotungstic acid and water was taken, and it was

shown earlier in Figure 78.

From the spectra shown in Figure 98 and Figure 78, it can be seen that none of the
spectra present peaks at the same frequency as the characteristic peaks of 3Nox.
Therefore, the intermediate formed should be a combination of hydrogen peroxide,

phosphotungstic acid and 3-picoline.

It has been reported in the literature that heteropolyacids, such as phosphotungstic acid,
form peroxotungsten species with hydrogen peroxide, amongst other species,
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[POAWO(0O,),}4]> and [W,05(02)a]>.*" Since neither hydrogen peroxide, nor
phosphotungstic acid have strong absorbance in the infrared probe used, it was not
possible to observe the peroxotungsten species in this study. It has also been suggested
that the peroxotungsten species provide an oxygen to 3-picoline, which is then oxidized

to 3Nox.'%®
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Figure 98. IR spectra of aqueous hydrogen peroxide 35 wt.%, a mixture of hydrogen peroxide
and 3-picoline, and pure 3-picoline.

Papadaki and Gao®’ have proposed two possible reaction pathways for the N-oxidation
of alkylpyridines, an interaction between a peroxotungsten species and the alkylpyridine,
and the interaction between the stabilized alkylpyridine with hydrogen peroxide by
hydrogen bonding with the peroxotungsten species. It is possible that the intermediate
structures formed in those pathways coincide with the intermediate detected in this
study; however, since the details of the molecular interactions are unknown, this

hypothesis cannot be supported with certainty.
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Figure 99. Curves generated during the N-oxidation of 3-picoline at 110 °C using 1 g of catalyst,
a dosing rate of 0.5 g/min, and a stirring rate of 250 rpm

It can be observed in Figure 99 that the intermediate is formed quickly after dosing starts
and as the concentration of the intermediate decreases, the concentration of 3Nox
increases. In Figure 100, it can be seen that the production of 3Nox stops at the same
time the intermediate is finished, indicating that the intermediate is essential for the
formation of 3Nox. Also, due to the low accumulation of hydrogen peroxide, the N-

oxidation finishes almost right after dosing.
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Figure 100. Magnification of Figure 99. Curves generated during the N-oxidation of 3-picoline
at 110 °C using 1 g of catalyst, a dosing rate of 0.5 g/min, and a stirring rate of 250 rpm

Figure 101 shows the results of an experiment performed at 110 °C, with 10 g of catalyst
and a dosing rate of 4 g/min. It can be seen in Figure 101 that the intermediate relative
concentration goes to zero soon after dosing stops and so does the production of 3Nox.
Due to the much faster rate, hydrogen peroxide accumulates in the reaction. Once dosing
stops, the pressure continues to increase due to the generation of oxygen from the
hydrogen peroxide decomposition, which indicates that the intermediate is not involved

in the decomposition of hydrogen peroxide.
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Figure 101. Curves generated during the N-oxidation of 3-picoline at 110 °C using 10 g of
catalyst, a dosing rate of 4 g/min, and a stirring rate of 250 rpm

7.4 Conclusions

The infrared probe ReactIR 15™ was calibrated using an univariate model based on the
Beer-Lambert law, in which the concentration is proportional to the absorption of a
compound. The frequencies chosen for the calibration were based on the distinct
absorption of the compound at the selected frequency and a negligible absorption of the
rest of the compounds at that specific frequency. The second derivative was applied to
the spectra to further differentiate the peaks. The selected wavenumbers included 712,
1126 and 1192 cm™ for 3-picoline and 749, 947, 1165, and 1268 cm™ for 3Nox.

For 3-picoline, it was found that the peak at 712 cm™ followed a quadratic relationship
with concentration, rather than a linear one. The peak at 1126 cm™ was not sensitive at
concentrations below 2 mole/L. The peak at 1193 cm™ provided the best results,

although it was linear only up to 8.8 mole/L. In the case of 3Nox, all peaks presented
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linearity at concentrations up to 2.5 mole/L. However, the peaks at 1165 and 1268 cm™

are not sensitive at concentrations below 0.3 mole/L

The effect of the temperature on the calibration of 3-picoline indicates that the
absorption decreases at higher temperatures, and that the effect is greater at higher
concentrations. Therefore, it is necessary to perform the calibrations at the conditions at
which the reaction is performed. However, it is unlikely that a change in temperature

lower than 5 °C will have a large effect on the predicted concentrations.

The synergistic effects in the infrared spectra were also evaluated to determine the
influence of one compound on the absorption of the other one. It was found that the
absorption of 3-picoline at 712 cm™ dramatically changes in presence of the N-oxide.
The absorption at 1192 cm™, although not identical with and without N-oxide, does not
present a major difference. On the other hand, the absorption of the N-oxide at all

selected wavenumbers significantly changes in presence of 3-picoline.

It was found that although the calibrations for both 3-picoline and 3Nox showed
linearity, the prediction of concentrations during the real experiment was poor. The
comparison of concentrations calculated from calorimetric data and from the infrared
probe calibration show significant differences, particularly at the beginning (too high
concentrations) and at the end of the experiment (too low concentrations). This is likely
due to the synergistic effects abovementioned. Also, poor prediction could be due to lack

of sensitivity of the probe at too high (>8.8 mole/L) concentrations.

The conversion of several experiments was calculated using the peak height at a selected
frequency and dividing it by the maximum peak height (Equation 36). Conversions
obtained through this method were in good agreement with conversions calculated using
the method of the pressure difference described in Section 5.1. Concentrations were also

calculated from conversions values. The concentrations showed good agreement at the
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beginning and at the end with concentrations calculated from calorimetric data.
However, the concentration of 3-picoline is underpredicted throughout the experiment. It
is possible that the underprediction is due to an intermediate formed which has the same
peaks as 3-picoline, so the peak height represents more than one compound, i.e., the
concentrations calculated from conversions do not represent the concentration of 3-

picoline only.

The analyses of the surface generated using the curve-resolution algorithm ConcIRT™
revealed an unidentified intermediate in the reaction. Said intermediate presents peaks
characteristic of both 3-picoline and 3Nox. This might be a compound where an oxygen
atom is attached to the nitrogen so the molecule presents absorption at the characteristic
frequency of an N-O bond. The production of the intermediate finishes almost as soon as
dosing is finished. As soon as the intermediate is finished, so is the production of 3-

picoline N-oxide.

The use of in-situ FTIR spectroscopy is a useful method for analyzing complex reactions
such as the N-oxidation of alkylpyridines. Useful qualitative information can be
obtained, such as peak profiling and identification of new substances. This can be useful
for developing kinetic mechanisms. However, in order to extract quantitative
information, a thoroughly planned and detailed calibration is necessary. The calibration
must be done at the reaction conditions and taking into account the synergistic effects

between different compounds at different concentrations in a reaction mixture.

An alternative approach to perform a calibration would be to perform a reaction and take
samples at regular intervals to be analyzed offline, using a GC or HPLC. Then,
concentration data could be used for the calibration. However, at the reaction conditions
used in this study, the extraction of samples for off-line analysis was a complex and

hazardous task.
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8. INHERENTLY SAFER REACTORS: APPLICATION ON THE N-
OXIDATION OF ALKYLPYRIDINES"

The purpose of this section is to demonstrate how an inherently safer process can be
built by designing a reactor operating in a way which addresses the key issues that make
the process hazardous after an assessment of the conditions that reduce or eliminate the
key hazards. Furthermore, it is shown that such improvements, which primarily target
the inherent safety of the process, also result in an increased efficiency and economic
viability of the process.

This research work, as well as previous works on the N-oxidation of alkylpyridines®® >"
%2 demonstrate that the operating conditions in the process currently used facilitate the
decomposition of hydrogen peroxide and do not inhibit the possibility for a runaway
reaction to develop. Moreover, the reactor design itself does not adequately suit this type
of reaction. As such, this process presents an opportunity to implement inherently safer

alternatives proposed by Kletz'%

and be used as a model for the design of inherently
safer reactors. Kletz emphasized that the meticulous study of the reaction can suggest the
reaction conditions and the appropriate reactor design for an intensified and inherently

safer process where the process hazards can be inherently minimalized.'®

So far, the knowledge acquired on the N-oxidation of alkylpyridines indicates that
reaction efficiency, selectivity and safety can be greatly improved (a) by increasing the
operating temperature, (b) by using an alternative reactor design, and (c) in the case of

the higher order alkylpyridines, by avoiding operating conditions where a heterogeneous

" Part of this section is reprinted with permission from “Toward an inherently safer design and operation
of batch and semi-batch processes: The N-oxidation of alkylpyridines” by A. Pineda-Solano, L.R. Saenz,
V. Carreto, M. Papadaki and M. S. Mannan, 2012. Journal of Loss Prevention in the Process Industries,
25, 797-802, Copyright [2012] by Elsevier.

215



mixture is formed. Each one of these issues will be discussed in the following

subsections.

8.1  Operating at Higher Temperatures

As mentioned earlier, an increase in the operating temperature could lead to increased
selectivity and safety. More specifically, the benefits obtained from operating the
process at higher temperatures include: a dramatic increase in N-oxidation selectivity
resulting in a respective reduction of hydrogen peroxide decomposition, decreased
reaction and overall process times, and elimination of the need for hydrogen peroxide

€XCess.

Experiments performed in this and previous studies using an isothermal closed system at
temperatures over 100 °C confirmed that for the case of the picolines (methylpyridines),
which form homogeneous mixtures with water, a relatively small temperature increase
has a dramatic impact on N-oxidation selectivity. Thus, hydrogen peroxide
decomposition is practically eliminated if its addition is conducted at an appropriately
slow rate. Additionally, the conversions achieved are as high as 98% using only the
stoichiometric amount of hydrogen peroxide. This subsequently obviates the need for
excess hydrogen peroxide. It can be observed in Figure 102 that the power generated by
the hydrogen peroxide decomposition is negligible and barely measurable throughout the
reaction. It can also be seen that the power generated by the N-oxidation is practically
constant throughout the reaction, indicating that the reaction is controlled by dosing.
This means that the N-oxidation reaction occurs very fast, so the rate of reaction is

limited by the rate of addition of hydrogen peroxide, rather than by the reaction kinetics.
Because of the dependency of the reaction rate upon temperature, the operation at higher

temperatures implies a much faster rate of the desired reaction. In turn, a faster rate of

reaction results in shorter reaction times. Consequently, a smaller reactor could be used,
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where the effects of a runaway reaction would be limited by the amount of reactants in

the reactor.
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Figure 102. N-oxidation and decomposition power for the N-oxidation of 3-picoline at 110°C
using 10 g of catalyst, performed in the RCle isothermal calorimeter. A stoichiometric amount
(with 3-picoline) of H,O, was added to the reactor at a rate of 4 g/min. The dashed line shows
the mass of H,O, added as a function of time and is read on the right-hand ordinate

In the traditional process, the reaction takes longer to complete because the lower
temperature and the dilution due to hydrogen peroxide excess lowers the rate of reaction.
Moreover, the excess of hydrogen peroxide added imposes an additional process step
which is its subsequent neutralization. Longer times increase the opportunities for
something to go wrong; the longer the process, the higher the likelihood for equipment
to fail, people to make mistakes, and consequently, for an accident to occur. Prolonged
reaction/process times slowly wear the equipment and controls, resulting in decreased
equipment reliability. Additionally, the hydrogen peroxide accumulation in the reactor

could lead to a runaway scenario with serious consequences, as previously explained.
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By operating the process at higher temperatures, hydrogen peroxide would be effectively
consumed in the N-oxidation, such that the excess would not be necessary. The excess of
hydrogen peroxide used in the currently employed process is the main cause of

decreased safety and efficiency.

Regarding safety, while part of the excess decomposes, a good amount of hydrogen
peroxide is accumulated; increasing the severity of the consequences should a runaway
develop. At higher reaction temperatures, hydrogen peroxide accumulation in the reactor
would be constantly low, so it would not impose any threat in terms of safety, while the

rate of its decomposition would also be minimized.

Another implication of using an excess of hydrogen peroxide in the current process is
the need for increased inventory and transportation. As mentioned before, hydrogen
peroxide is a reactive chemical very sensitive to contamination. Although commercial
hydrogen peroxide is stable at room temperature, it can easily decompose in the presence
of impurities, even if they exist at very low concentrations.''° By eliminating the excess
of hydrogen peroxide used in the reaction, the inventory need would be reduced. As

Kletz stated, “what you don’t have, can’t leak”,"'* and in this case, it cannot runaway.

Regarding efficiency, the use of higher temperatures eliminates a step required in the
traditional process. Because the excess of hydrogen peroxide is not necessary, the extra
step required to neutralize the remaining hydrogen peroxide can be eliminated. The
elimination of the neutralization step has an influence on the environmental impact and
the economics of the process. Due to the large amount of excess hydrogen peroxide used
and the chemicals needed to neutralize it, there is a large quantity of waste generated.
This results in higher expenses for waste disposal. Additionally, the extra time needed
for adding the excess of hydrogen peroxide and neutralizing it increases the overall batch
time, reducing the efficiency of the process. Furthermore, larger process equipment

(reactor and separation equipment) and more time and energy are required to process
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larger amounts of materials, which also affect the efficiency and profitability of the

process.

As Kletz indicated,"**™* the development of intensified and inherently safer processes
also leads to reductions in costs. In the proposed process, hydrogen peroxide is
effectively consumed in the N-oxidation and since the temperatures used are higher, the
rate of the desired reaction is much faster. Thus, higher conversions of alkylpyridine can
be obtained, which increases the efficiency of the process. In addition, the accumulation

of hydrogen peroxide is kept to a minimum, enhancing the safety of the process.

8.2 The Importance of a Process-Specific Reactor Design

Kletz has previously emphasized that changing the mixing pattern in the reactor can
improve the efficiency of the reaction, leading to an intensified process. % In the case of
the N-oxidation of alkylpyridines, increased selectivity, and hence efficiency, towards
the N-oxidation can be achieved if the reactor operates as ideal mixed flow for hydrogen
peroxide and ideal plug flow for the alkylpyridine. The latter cannot be achieved in the
reactor currently employed for the N-oxidation. By modifying the mixing pattern in the
N-oxidation of alkylpyridines, an intensified and inherently safer process of improved
efficiency and economics can be achieved.

In the currently used open system, the safety of the process relies merely on the
controlled addition of hydrogen peroxide and the ability of the generated gas to leave the
system. Should an upset in the process occur, the reaction could lose thermal control and
runaway. For example, consider a pump failure. If the pump fails to deliver the correct
flow rate of hydrogen peroxide, and instead sends a higher flow rate to the reactor, the
concentration of hydrogen peroxide will quickly increase. If the vent line of the reactor
is not capable of removing all the produced gas and vapor, as the rate of decomposition

is proportional to the square of the concentration of hydrogen peroxide, the oxygen
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generation and temperature will rapidly increase, possibly causing the reactor or the vent

line to burst.

While it could be argued that an open reactor is suitable for the operation because
oxygen is allowed to escape, a closed reactor would be inherently safer. Besides, even if
oxygen can escape from the system and prevent the reactor from over-pressurizing
(assuming it is adequately vented), the vapors above the liquid are still rich in oxygen.
Consequently, the hazard of fire is still present. As calorimetric measurements have
shown, in a closed system working at higher temperatures, oxygen would not be
produced in the first place or would be produced in negligible amounts. The present
work sets the foundation for the development of an intensified process, which under
normal conditions the hydrogen peroxide decomposition will be negligible (oxygen
generation almost eliminated), while in abnormal conditions the low reactant
accumulation and the small reactor size will not allow for a hazardous runaway to

develop.

Because the reaction is controlled by dosing, the heat of reaction is released practically
at a constant rate, which simplifies the heat exchanger design. Furthermore, since the N-
oxidation is highly exothermic (AH, =130-190 kJ/mole), the energy integration of the
process may be evaluated by utilizing the heat of reaction to preheat the feed or for

product separation.'*

Due to the inherent benefits provided by a tubular reactor, Kletz and Amyotte'*® have
suggested that this should always be considered as an alternative to the traditional batch
or semi-batch reactor. Thus, it has been thought that a small diameter tubular reactor
with radial distribution of hydrogen peroxide would be a good fit for the N-oxidation of
alkylpyridines, because it is economical and safer to operate at high pressures.
Furthermore, because the capacity of pharmaceutical reactions are relatively small,

appropriately small size reactors dedicated to a specific process are likely to be a better
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alternative to the use of larger multi-purpose units. Although further studies are needed
before such a reactor is designed, all the aforementioned evidence suggests that there is a

much safer and efficient alternative to the existing process.

8.3  Avoiding Non-Homogeneous Mixtures

As mentioned in previous sections, the catalyst and hydrogen peroxide are water soluble.
At conditions where the alkylpyridine does not fully mix with water, the reaction
mixture forms two liquid phases like in the case of the N-oxidation of high order
alkylpyridines (e.g., lutidines and collidines) at 100 °C. In those cases, the N-oxidation is
controlled by the slow mass transfer of hydrogen peroxide to the organic phase while the
homogeneously catalyzed decomposition of hydrogen peroxide is dramatically favored.
In order to obtain an inherently safer and more efficient N-oxidation, the operation at
homogeneous conditions is of interest. Therefore, it is important to study the
thermodynamics of the process to determine the conditions at which the reaction can be
performed in a single phase. Temperature, pH, and the presence of third compounds are
the key factors which affect phase solubility. When temperature is to be considered as a
factor, product decomposition “onset” has to be considered and it can be used so as to set

an upper limit for reactor operation.

For a 2,6-lutidine/water system, the liquid-liquid phase region is present over a wide
range of conditions (i.e., temperatures between 30 and 230 °C and concentrations
between 5 and 80 2,6-lutidine wt. %).**® However, Andon and Cox**’" demonstrated a
reduction in the two-liquid region when adding 3-picoline in different proportions.
Based on these findings, the addition of a third component in the system 2,6-
lutidine/water could increase the homogeneous region of the mixture, and as a
consequence, the efficiency of the N-oxidation for alkylpyridines with limited miscibility
in water can be addressed. Saenz-Noval®® showed that a similar reduction in the two-

liquid phase region is obtained when adding acetic acid to the 2,6-lutidine/water mixture.
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Acetic acid has been employed as a catalyst in alternative, less efficient methods for the

N-oxidation of different alkylpyridines.” *'®

In general, the addition of a third component in the mixture is an alternative to develop
an inherently safer N-oxidation by reducing the presence of two phases. This alternative
is an example of the ‘“hybridization” or “transformation” inherent safety concept as

proposed by Edwards**

, In which the chemistry of the process remains unchanged but
the process is made inherently safer by adding another component to the mixture;
however, the third component should not form byproducts with the reactants. Moreover,
the effect of such a component on the runaway behavior and the cost of separation
posterior to the reaction should be taken into account. The role of pH has to be
investigated in the future, as well as the effect of the catalyst or the addition of product,

which could positively affect homogeneity.

8.4 Discussion

In general, inherently safer alternatives are associated with using lower operating
temperatures and pressures.'?° However, these process conditions are not always the best
option. It has been shown that for the N-oxidation of alkylpyridines, a closed reactor
operating at higher temperatures — and consequently, higher pressures — looks very
promising in terms of an inherently safer process. Kletz has previously explained that an
intensified process working at high temperatures and pressures may be inherently safer
than one working at milder conditions.'™* That is the case for the N-oxidation of
alkylpyridines. By increasing the temperature of the reaction, the major hazards of the
process, namely the decomposition and accumulation of hydrogen peroxide, are greatly
reduced. The hazard represented by the accumulation of hydrogen peroxide is much
more significant than that of the temperature and pressure, as the accumulation can
worsen the consequences of a runaway reaction. Moreover, because of the fast rate of

reaction, a small reactor can be used, limiting the effects of the hazards posed by the
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operation at higher temperature and pressure. In addition, the reduction of hazards in the

process is accompanied by many other benefits, as explained earlier.

8.5 Conclusions

This work proposed alternatives that would result in an inherently safer process for the
N-oxidation of alkylpyridines. It was also demonstrated that understanding the reaction
system and its hazards is of paramount importance for the development of inherently
safer technologies. As an example, the study of the N-oxidation of alkylpyridines system
has revealed operating conditions that increase the selectivity of the synthesis reaction,
leading to an intensified and inherently safer process. In addition, it was shown that such

a process would be accompanied by increased efficiency and cost reduction.

In the development of intensified processes, special attention should be given to the
reactor design, as mixing is crucial. The reactor design must be based on the thorough
study of the kinetics and thermochemistry of the reaction system. Finally, as illustrated
here, thermodynamics can have a dramatic effect on the safety as well as on the design
of the process. Important consideration should be given to the properties of the system,
especially those related to phase equilibrium because the elimination of two phases is the
key to the design of a good performance and a safe reactor.
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9. CONCLUSIONS AND FUTURE WORK

This section summarizes the main findings of the work presented in this dissertation

(Section 9.1) and it outlines the opportunities to continue this research (Section 9.2).

9.1 Conclusions

This dissertation involved novel calorimetric, analytical, and computational work for the
investigation of complex aspects of the N-oxidation of alkylpyridines, a reaction used in
the pharmaceutical industry, which paved the way toward inherently safer hazardous
reactive processes and the application of inherent safety principles. From a safety
perspective, the N-oxidation of alkylpyridines itself is of interest because of the hazards
resulting from the undesired, gas-generating decomposition of hydrogen peroxide, the
oxidizing agent. The generation of oxygen, combined with the flammability of the
alkylpyridines, represents a serious fire and explosion hazard for the process. However,
the focus of this work was not limited to this reaction. This complex reaction system was
also used as a case study for the development of tools and methodologies which
illustrate how an inherently safer process can be achieved by assessing conditions that
reduce or eliminate the hazards. Furthermore, this work showed that the study of the
reactivity of the participating compounds, and of the thermodynamics of the process,
should form an essential part of chemical production before full scale application. These
studies can result in a process-specific reactor design, which not only brings
improvements in the safety and the efficiency of the process, but also results in a

reduction of time and resources

As many of the hazards associated with the N-oxidation of alkylpyridines are typical of
other batch reaction systems, especially of those involving hydrogen peroxide, the
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methodologies and the design approaches used in this dissertation can be incorporated to

other systems involving batch or semi-batch reactions.

The topics covered in this research involved:

a. The assessment of the decomposition of the participating compounds in isolation and
in combination, in order to evaluate the hazards originated by each of the individual
compounds and by their synergies. Those measurements were combined with liquid
end-product analysis.

b. Isothermal calorimetric measurements in different calorimeters at a wide variety of
conditions in order to assess the role of different factors in the reactive behavior, the

thermodynamics and the overall efficiency of the process.

c. Factorial design of experiments in order to reveal the key factors affecting the

process and their synergies

d. Application of real-time FTIR spectroscopy for the analysis and monitoring of
complex reactions, and implementation of specific techniques for its combined use

with reaction calorimetry to obtain further understating on the chemical reaction.

Thermal stability analyses were conducted in the Automatic Pressure Tracking Adiabatic
Calorimeter (APTAC) to ensure that the operating conditions studied would not lead to
secondary decompositions. The analyses indicated that all alkylpyridines involved in this
study (3-picoline; 3,5-lutidine; 2,6-lutidine; and 2,4,6-collidine) are thermally stable up
to 400 °C. Conversely, all corresponding alkylpyridine N-oxides decompose at
temperatures above 230 °C. Isothermal tests conducted on 3-picoline-N-oxide showed

that increasing temperature accelerates the rate of the decomposition.
With regards to the effect of the catalyst, 3-picoline-N-oxide appears to have low

sensitivity to small changes in the catalyst concentration. In fact, in all experiments

performed isothermally at different temperatures, the rate of the decomposition reaction
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using 0.1 g of catalyst was faster than when using 0.3 g of catalyst. This possibly
suggests a change in the mechanism of the decomposition with the amount of catalyst
used. Only when large amounts of catalyst were used, the decomposition of 3-picoline-
N-oxide was accelerated.

The decomposition of alkylpyridine N-oxides involves a complex reaction mechanism in
which non-condensable gases are generated, and in which the main pathway appears to
be the detachment of the oxygen atom from the parent alkylpyridine molecule. However,
multiple other compounds were found during GC/MS and LC/MS analysis, which show
evidence that some polymerization occurred during the decomposition reaction. Further
research is needed to determine the reaction mechanism of the decomposition of
alkylpyridine N-oxides.

An evaluation of operating conditions was conducted for the N-oxidation of 3-picoline;
3,5-lutidine; 2,6-lutidine; and 2,4,6-collidine. A 2* full factorial design of experiments
(DOE) was used to study the factors (operating conditions) that affect the conversion of
3-picoline into 3-picoline-N-oxide. The factors studied included temperature (110 and
125°C), catalyst amount (1 and 10 g), dosing rate (0.5 and 4 g/min), and stirring rate
(250 and 400 rpm). The factorial DOE revealed that in the range of conditions used in
the study the conversion of 3-picoline is most influenced by the interaction of catalyst
mass and dosing rate, i.e., a high dosing rate may be used if the quantity of catalyst is
high, while a slow dosing rate is required if the amount of catalyst is small. In both
cases, the conversions of 3-picoline obtained were above 94% and as high as 98% using
only a stoichiometric amount of hydrogen peroxide, and the decomposition reaction was
kept to a minimum. This finding shows that in addition to the improvement in the safety
of the process, an increase in efficiency is achieved as the excess hydrogen peroxide is
no longer needed. In contrast, a combination of low catalyst amount and high dosing rate

led to conversions as low as 63%.
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The catalyst mass—dosing rate factor interaction is of importance due to its effect on the
accumulation of hydrogen peroxide. High amounts of catalyst (10 g) accelerate the N-
oxidation reaction rate, such that the accumulation of hydrogen peroxide in the reactor is
constantly low, even at high dosing rates. A low accumulation of hydrogen peroxide is
of paramount importance for the safety of the process, as the decomposition of
accumulated hydrogen peroxide during a cooling failure could increase the temperature
of the mixture and trigger the decomposition of the product (3nox), as shown in
adiabatic tests. However, a large increase in the catalyst amount can promote the
decomposition of hydrogen peroxide, particularly when combined with a temperature

increase.

The utilization of high dosing rates imposes other safety issues. Fast reactions are
usually difficult to control initially, due to the abrupt increase in the power output; the
reaction generates heat at a very fast rate, and therefore, the safe operation of a reactor
operating at a high dosing rate depends on the heat removal capability of the reactor. A
typical batch reactor can remove approximately 30 W/L. In comparison, some of the
experiments conducted in this work generated a power overshoot as high as 150 W/L.
This issue highlights the importance and the advantages that a smaller, intensified

reactor can offer towards the safety and efficiency of the process.

The effect of the temperature in the range 110-125 °C is not statistically significant.
Although preliminary experiments in this work and previous works showed the
indisputable positive effect of a temperature increase, particularly when compared to
experiments performed at temperatures below 100 °C, the factorial DOE showed that, at
the range of temperatures studied, the effect is small compared to the effect of other
factors such as catalyst mass and dosing rate. That is, while a temperature increase of 10
°C over the typical temperature of 100 °C dramatically favors the selectivity of the
synthesis reaction, a further increase does not show a significant benefit. High
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conversions (>97%) can be obtained using a temperature of 110 °C, when combined

with a sufficient amount of catalyst and appropriate dosing rate.

In general, it was shown that temperature should be increased only to a certain extent.
Safety considerations are involved when increasing the temperature further. While a
higher temperature reduces the accumulation of hydrogen peroxide, it also promotes its

decomposition, particularly when high amounts of catalyst are used.

The effect of the temperature-catalyst factor interaction is important, but it is not
statistically significant. In previous studies, it has been argued that an increase in
temperature and catalyst concentration could reduce the decomposition of hydrogen
peroxide. While this statement is true, it holds only if an appropriate dosing rate is used.
This finding emphasizes the importance of taking into account all factors that can affect

a chemical reaction when evaluating the most suitable operating conditions.

The effect of the stirring rate is not statistically significant under the conditions of the
study. This is due to the small volume of the reactor and the type of stirrer used in this
study. However, the study of mixing effects during the development of the intensified

reactor suggested in this work is of paramount importance.

There is no “optimum” operating condition for the N-oxidation of alkylpyridines.
Instead, there exists a set of operating conditions at which the process can operate safely
and efficiently. This set consists of an appropriate combination of catalyst mass, dosing
rate, and temperature. The selection of the operating conditions is strongly influenced by

the reactor design and cooling system capability.
In general, the findings from the factorial DOE on 3-picoline-N-oxidation can be applied

to other members of the alkylpyridine family. However, for higher order alkylpyridines,

it is necessary to evaluate the phase-equilibrium during the reaction in order to determine
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conditions or alternatives where a homogeneous liquid phase can be achieved, and thus

an inherently safer and more efficient process.

The behavior of 3,5-lutidine is similar to that of 3-picoline during the N-oxidation.
Conversions as high as 95% were obtained using only the stoichiometric amount of
hydrogen peroxide; and the power generated by the reaction was practically constant.
However, the effect of the accumulation of hydrogen peroxide is stronger in the case of
3,5-lutidine, which is worsened with the use of high dosing rates and low amounts of
catalyst. When a low amount of catalyst is used, the pressure increase can be high, even
if a slow dosing rate is used. This effect is mitigated with an increase in temperature.
Nevertheless, the increase in temperature favors the N-oxidation only up to certain
extent. Temperatures between 110 and 120 °C were beneficial, while a further increase

promoted the decomposition of hydrogen peroxide.

The N-oxidation of 3,5-lutidine is easier than the N-oxidation of 2,6-lutidine and 2,4,6-
collidine, with the latter being the most difficult to N-oxidize. The behavior of 2,6-
lutidine and 2,4,6-collidine during the N-oxidation is similar. Both compounds showed
constant power profiles and generated approximately the same amount of energy per
mole, indicating similar reaction rates, controlled by the availability of the oxidant.
There is significant decomposition of hydrogen peroxide throughout the entire reaction,

which dramatically reduces the efficiency.

The conversion of 2,6-lutidine obtained using only the stoichiometric amount of
hydrogen peroxide was 81%, with the energy released by the hydrogen peroxide
decomposition being 13% of the total energy released. A conversion of 76% was
obtained in the case of 2,4,6-collidine, and the power of the decomposition reaction
amounted to 20% of the total energy released. Adding an excess of 20% of hydrogen
peroxide increased the conversions to 92% and 94%, respectively, although

approximately 40% of the excess added decomposed. Therefore, a small excess of
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hydrogen peroxide in the N-oxidation of 2,6-lutidine and 2,4,6-collidine can be carefully
used if high conversions are to be achieved in a single stage. In such case, a very slow
addition of the excess under careful supervision of the process is recommended. In order
to further increase the efficiency of the N-oxidation of higher order alkylpyridines, it is
imperative to study the thermodynamics of the system and find alternatives to achieve a

homogeneous mixture.

In general, as the rate of reaction of the N-oxidation is controlled by the availability of
hydrogen peroxide, the power generated by the N-oxidation is practically constant,
which would simplify a heat exchanger reactor design. Based on this fact, the use of an
intensified, small tubular reactor with radial distribution of hydrogen peroxide has been
suggested as an alternative reactor design. Such design is economical, safer to operate at
higher pressures, and would ensure adequate mixing between the alkylpyridine and
hydrogen peroxide to maximize efficiency. In addition, energy integration could be
achieved by using the heat released by the N-oxidation to preheat the feed or for product
separation. The suggested process would also alleviate the environmental impact due to
the N-oxidation. Since the excess hydrogen peroxide is no longer needed, there is no
need to use additional chemicals for neutralization of the remaining hydrogen peroxide.
Therefore, the waste generation is reduced. It would also decrease the risk associated
with the storage and transportation of large amounts of hydrogen peroxide.

The use of in-situ FTIR spectroscopy is a suitable method for analyzing complex
reactions such as the N-oxidation of alkylpyridines. Useful qualitative information can
be obtained, such as trending of compounds, identification of new substances, and
determination of the end point of the reaction. This information can be helpful for
decision-making and cost-benefit analyses. The trends of compounds show the moment
when the concentration of the product is no longer increasing or is increasing very
slowly. Therefore, a decision can be made to stop or continue the process depending on

the value of the product and the cost associated with extending the time of the process.
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Qualitative data, combined with quantitative concentration data can also be useful for
developing kinetic mechanisms. However, in order to extract quantitative information, a
careful calibration is necessary. The calibration must be done at the reaction conditions
and taking into account the synergistic effects between different compounds in a reaction

mixture.

Two different methods were used to calculate the concentration of 3-picoline in the
mixture; the first one consisted of calibrating the probe using mixtures of known
concentrations of 3-picoline and developing a linear model relating peak height to
concentration. The second one consisted of using the peak profiling technique in which
conversion is calculated by dividing the peak height at a selected frequency by the
maximum peak height; concentrations were then calculated from conversion data. The
conversions calculated were in good agreement with conversions calculated using
pressure differences. However, the prediction of concentrations throughout the
experiments show significant differences with concentrations calculated from
calorimetric data. The difference is likely owed to the lack of sensitivity of the probe at
concentrations of alkylpyridine higher than 8.8 M and possibly due to an intermediate
formed which has the same peaks as 3-picoline, so the peak height at the selected
frequencies represents more than one compound. Further research would be required
before accurate concentration data can be obtained from infrared data for kinetic

analyses.

The analysis of the reaction using an in-situ FTIR probe and the curve-resolution

algorithm ConcIRT™

indicated the presence of an unidentified intermediate in the
reaction. The intermediate shows characteristic peaks of both 3-picoline and 3-picoline-
N-oxide. It is clear that said intermediate plays an important role in the N-oxidation, as
the production of N-oxide ends when the intermediate is finished. Further research is
needed on the mechanism of this system of reactions to identify the structure of the

intermediate.
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Overall, this dissertation provides sufficient information to select operating conditions
that maximize the safety and efficiency of the N-oxidation of alkylpyridines, and it also
represents a step forward toward an inherently safer process. The data, tools, and
techniques utilized in this dissertation illustrate a methodology through which the design
of inherently safer processes is based on the thorough study of the reaction of interest. In
addition, it was demonstrated that it is possible to develop safer processes without

negatively impacting its efficiency.
9.2  Future Work

This section summarizes the opportunities to continue the development of an inherently
safer process for the N-oxidation of alkylpyridines. It also provides recommendations for

future work, based on the challenges faced during this study.
9.2.1 Kinetics of the N-oxidation of alkylpyridines

In order to ensure the reliable prediction of runaway reactions, it is necessary to develop
theoretically sound and accurate kinetic models that represent a system of reactions. For
this reason, it would be worth investigating the kinetics of the N-oxidation of

alkylpyridines over an extended temperature range.

During this study, conditions were identified, in which the N-oxidation of 3-picoline
occurred in the kinetic regime. The conditions used were a low amount of catalyst and
high dosing rate, which cause a high accumulation of hydrogen peroxide, e.g., 1 g of
catalyst and a dosing rate of 4 g/min. Temperatures between 110 and 125 °C were used
in this study (see Section 5.2). At 125 °C, there is less accumulation of hydrogen
peroxide in the reactor, however, a kinetic regime is observed as the concentration of 3-
picoline decreases. It was found that the model proposed by Papadaki and Gao,*

although it was developed based on calorimetric measurements performed in a narrow
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temperature range (85-95 °C), has the potential to represent the reaction system at higher
temperatures. However, there are several limitations that need to be overcome in order to

accurately estimate the rate and equilibrium constants involved in the model.

Figure 103 shows the experimental and simulation power profiles generated using the
model by Papadaki and Gao.>® The differences between the model and the experimental
data are caused by deviation from isothermal conditions, inaccurate prediction of
hydrogen peroxide decomposition, heat of mixing and because the coefficients used for
the simulation were found by trial and error and may not provide the best fit. However,

the simulation shows the potential of the model to fit the data.

For the estimation of the parameters of the kinetic model, it is essential to develop a
better method to measure the decomposition of hydrogen peroxide. This could be done
by evaluating the thermodynamics of the reacting system and determine how the vapor

pressure changes throughout the reaction.

In addition, the reaction should be performed in a vessel that can withstand high
pressures. In order to obtain data for kinetic analysis, hydrogen peroxide must be
allowed to decompose. Therefore, the pressure in a closed system will increase very
rapidly, and due to the high temperature used, even a small amount of oxygen generated
can cause a large increase in the pressure. The reactor used in this study could withstand
pressures up to 10 barg, so sometimes, it was necessary to interrupt dosing and vent the

reactor.
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Figure 103. Experimental and simulated power profiles during the N-oxidation of 3-picoline at
110 °C using 1 g of catalyst and a dosing rate of 4 g/min. a) N-oxidation power; b)
decomposition power

Further research is also needed to identify chemical intermediates in the N-oxidation of
alkylpyridines. As mentioned in Section 7.3, an unknown chemical intermediate was
detected using in-situ FTIR and the ConcIRT™ software from Mettler-Toledo. The
identification of this intermediate would help define the mechanism involved in the N-
oxidation of alkylpyridines and confirm the findings from Papadaki and Gao.*® Deep

understanding of infrared spectroscopy and organic chemistry is needed for this purpose.
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9.2.2 Study of the phase-equilibrium during the N-oxidation of higher order
alkylpyridines

The N-oxidation of 2,6-lutidine and 2,4,6-collidine showed that an increase in
temperature and a high concentration of catalyst does not actually eliminate the
decomposition of hydrogen peroxide. As mentioned in Section 6, due to the limited
miscibility of these alkylpyridines in the aqueous phase, the decomposition of hydrogen
peroxide is promoted, particularly at the beginning of the reaction when the
concentration of alkylpyridine is high. As the reaction advances and N-oxide is
produced, the two phases slowly disappear until a homogeneous mixture is obtained near
the end of the reaction. Therefore, it is imperative to study the phase equilibrium of this
system throughout the reaction, experimentally and computationally. Experimentally, the
first alternative to study should be the addition of N-oxide to the initial reacting mixture
As the N-oxides are more soluble in water, it is expected that its addition to the mixture
can reduce the formation of two phases. Computationally, the use of the Gibbs
minimization method, which combines phase equilibrium and chemical equilibrium may
be used, as suggested by Saenz-Noval.®? However, the scarce information of
alkylpyridine N-oxide properties may be a limitation for using the Gibbs minimization

method, as also pointed out by Saenz-Noval.

9.2.3 Reactor design for the N-oxidation of alkylpyridines

It was mentioned in Section 8 the benefits that could be achieved if an intensified, plug-
flow-heat-exchanger type of reactor is used for the N-oxidation of alkylpyridines.
Therefore, it is worth to further research this possibility by constructing a reactor
prototype that incorporates the findings of this and previous research works. However,
several limitations must be first overcome. For example, it is necessary to determine how

the catalyst could be introduced in the reactor, the delivery method of hydrogen peroxide
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and all the physical parameters of a reactor, such as size, geometry and materials of

construction.

9.2.4 Study of the mechanism of decomposition of alkylpyridine N-oxides

The formation of multiple compounds during the decomposition of alkylpyridine N-
oxides indicates that a complex reaction mechanism is involved. Additional studies are

necessary to identify the different steps and intermediates involved in the mechanism.

Computational chemistry may be used for such purpose.
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