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Preface

The chemical industry has been an integral part of the global economic landscape for
centuries.

In 2013 the European Union chemical industry was responsible for approximately
€527 billion in sales revenue, making this one of the most important manufacturing sectors.
However, the reality was not so prospering as desired. The trending was not a reflex of the
European economy. The European share of the global chemical market decreased from 31%
to 17% from 1996 to 2013. The dramatic consequence was the fall of the employmentsto EU
citizens from 1.6 million to 1.2 million in the respective period. The major cause of this decline
is associated to the lower-labour-cost markets in the emerging global economies. According
to Oxford Economics analysis, the Asia-Pacific chemical industry made the most significant
annual contribution to Gross Domestic Product (GDP) and jobs in 2017, 83 million jobs
supported against 19 million jobs supported in the EU. To fight this tendency, the
development of competitive technologies that deliver performance is vital. Innovation
demands the existence of trained scientists and engineers capable and available in the market
to design and develop these new technologies.

Process intensification can be the key to gain back EU leadership in the chemical
market. The application of novelapproaches can help to overcome bottlenecks, such as those
imposed by thermodynamics, reaction time and energy consumption, through the
combination of processes phenomenainto single or fewer process units.

Marie Sklodowska-Curie, born in 1867, was not only a brilliant researcherthat worked
in the isolation of polonium and on the discovery of the radium, together with her husband
and daughter, but also, an exceptional influencer of several scientific and non-scientific
actions. Remembered as a remarkable figure in science, her legacy is presented in several
institutions and medical centers. Boosted by her heritage, the Marie Sklodowska-Curie
Actions (MSCAs) [1] is one of the most prestigious funding programs in the HORIZON 2020. It
promotes researcher’s education and experience in different working environments while
developing knowledge and transferable skills. Since 1994, MSCA’s provide grants for all stages
of researcher’s careers being a promoter of several successful careers and Nobel prizes

awards [2].



Horizon 2020 is the “financial instrument implementing the Innovation Union, a
Europe 2020 flagship initiative at securing Europe’s global competitiveness”. The program is
foreseen to drive economic growth and create jobs. The main goal is to produce Europe’s
world-class science removing the barriers toinnovation and to facilitate the workingexchange
between public and private sectors to deliver innovation.

The PhD thesis herein presented is the result of one of the 15 MSCA proposed in HORIZON
2020, the MSC EU-H2020 COSMIC.

COSMIC- Europe on the wave for innovation

The project European Training Network (ETN) for Continuous Sonication and
Microwave Reactors (COSMIC) (Grant agreement No 721290) [3], was designed with the
ambition to revolutionize the chemical process industry through the development of
innovative processes already applied such as continuous flow and to present new
technologies to the chemical industry as microwaves (MW) and ultrasound (US). The project
comprises 4 years (October 2016 to October 2020). COSMIC relayed on the development of
specific science and technologic specific objectives such as resource-efficient multiphase
reactions in the fields of organic and nanoparticle synthesis, reactors design to efficiently
integrate milliflow technologies with US and/or MW-assisted application and finally,
knowledge-based assessment and decision methodologies to evaluate and select process-
intensification technologies. COSMIC’s vision was the combination of these three processes
where MW technologies were used as alternative heating sourcesand US technology used to
reduce reaction time and mixing. US technologies have been proved their potential in process
intensification such as epoxidation of soybean oil [4], catalyst reactivation [5] ordisintegration
and oil extraction [6]. On the other hand, MW technology has emerged as a useful
methodology to introduce energy in to chemical reactions such as condensation reactions [7],
esterifications [8], sensitive reactions like those with organometallic reactants [9] and on solid
support synthesis [10]. Continuous technologies would be able to use alternative energy
sources to achieve and produce high-value product synthesis.
In the project, the synthesis of nanoparticles and C-H activation were enhanced by MW
technology. US promoted the crystallization of zeolites and high value monomers synthesis

and the synergistic effect of combined MW-US was tested in copper catalysis.



The COSMIC project jointed the expertise of industrial and academic top scientists to
guide and train 15 ESRs (Early Stage Researchers) from different backgrounds and countries.
The project aimed to create an international network capable of developing tools for
upcoming Europe’s future.

Seven countries were unified to produce a successful network. Arkema (Pierre -Bénite
and GRL, France), Weber Ultrasonics (lttersbach, Germany), Microinnova GmbH (Allerheiligen
bei Wildon, Austria), Smart Material (Dresden, Germany) and MEAM (Houthalen-Helchteren,
Belgium) provided the industrial expertise. KU Leuven (Leuven, Belgium), UCL (London,
England), UNITO (Turin, Italy), UCORD (Cordoba, Spain), University of Zaragoza (Zaragossa,
Spain) and the University of Gottingen (Gottingen, Germany) were responsible for the
academic knowledge.

The PhD thesis presented aimed to a) study the economic evaluation of the industrial
process for high-value monomers obtained from oxidative cleavage of unsaturated
biosourced fatty compounds, b) to study and propose a process intensification alternative,
through cavitation phenomenon’s promoted by US technology and c) study the deactivation
mechanisms of a hydrogenation Raney®-Nickel catalyst and development of new reactivation

processes.

THE FRAMEWORK PROGRAMME FOR RESEARCH AND INNOVATION

MCosmeC

MARIE CURIE

[1] Marie Sktodowska-Curie actions | Horizon 2020, (n.d.). https://ec.europa.eu/programmes/horizon2020/en/h2020-
section/marie-sklodowska-curie-actions (accessed January 27, 2020).

[2] Two Nobel Prizes involving MSCA fellows | Marie Sktodowska-Curie Actions, (n.d.).
https://ec.europa.eu/research/mariecurieactions/news/two-nobel-prizes-involving-msca-fellows_en (accessed January 27,
2020).

[3] European Training Network for Continuous Sonication and Microwave Reactors, (n.d.). https://cosmic-etn.eu/ (accessed January
27, 2020).

[4] V.P. Chavan, A. V. Patwardhan, P.R. Gogate, Intensification of epoxidation of soybean oil using sonochemical reactors, Chem.
Eng. Process. Process Intensif. 54 (2012) 22-28. doi:10.1016/j.cep.2012.01.006.

[5] A. Haghlesan, R. Alizadeh, Reactivation of an industrial spent catalyst as an environmental waste by ultrasound assisted

technique for using in styrene production, Chem. Eng. Process. Process Intensif. 110 (2016) 64—72.
doi:10.1016/j.cep.2016.09.015.

[6] G. Cravotto, A. Binello, G. Merizzi, M. Avogadro, Improving solvent-free extraction of policosanol from rice bran by high-intensity
ultrasound treatment, Eur. J. Lipid Sci. Technol. 106 (2004) 147—-151. doi:10.1002/ejlt.200300914.

[7] A. Rayar, M.S.1. Veitia, C. Ferroud, An efficient and selective microwave-assisted Claisen-Schmidt reaction for the synthesis of
functionalized benzalacetones, Springerplus. 4 (2015) 8—12. doi:10.1186/s40064-015-0985-8.

[8] A.D.N. De Oliveira, L.R. Da Silva Costa, L.H. De Oliveira Pires, L.A.S. Do Nascimento, R.S. Angélica, C.E.F. Da Costa, J.R. Zamian,

G.N. Da Rocha Filho, Microwave-assisted preparation of a new esterification catalyst from wasted flint kaolin, Fuel. 103 (2013)
626-631. doi:10.1016/j.fuel.2012.07.017.

[9] M. Ardon, G. Hogarth, D.T.W. Oscroft, Organometallic chemistry in a conventional microwav e oven: The facile synthesis of group
6 carbonyl complexes, J. Organomet. Chem. 689 (2004) 2429-2435. doi:10.1016/j.jorganchem.2004.04.030.
[10] H.P. Narkhede, U.B. More, D.S. Dalal, P.P. Mahulikar, Solid supported synthesis of 2-mercaptobenzimidazole derivatives using

microwaves, J. Sci. Ind. Res. (India). 67 (2008) 374-376.






A sweet peek on the thesis

The actual environmental and resources context demand for urgent “invention, design
and application of chemical products and processes”.

Oxidative cleavage of fatty acids and derivatives proved to be an attractive way to
obtain bifunctional monomers, which can be used for polycondensation reactions to obtain
specialty polymers. Hydrogen peroxide proved its efficiency on oxidative cleavage systems,
but the kinetics of the catalyzed reactions remains slow. The time-consuming reaction (24h)
requires high temperatures (85-95°C) to cleave C-C bonds (347-356 kJ/mole, at 298 K) to
recover the monomers. Additionally, several studies highlighted major limitations in mass
transfer, leading to undesired by-products and lack of reproducibility at larger scale.

In the last decades, ultrasounds technology has been showing its potential in a variety
of catalytic processes. It has been proved that mass transfer, across the phase boundary of
multiphasic system, is substantially enhanced through acoustic emulsification.

The PhD thesis herein presented focused on the application of ultrasound in the
oxidative cleavage of monounsaturated fatty compounds and in the reactivation of an
exhausted catalyst Raney®-Nickel applied in the hydrogenation of monounsaturated fatty
nitriles to obtain amino-esters.

The thesis is divided in 4 chapters where 1) the fundamental concepts of oxidative
cleavage of fatty acids and last achievements are highlighted. The technology of ultrasound is
introduced as a emergent green chemical approach, 2) the economic risk-assessment for an
industrial process of oxidative cleavage of monounsaturated long chains to obtain high value
monomers, already in operation is presented, 3) the main constrains of operational
conditions in the oxidative cleavage process and possible ultrasound application are exposed.
Finally, 4) The main deactivation mechanisms of Raney Nickel catalyst in a patented
hydrogenation of nitrile monomers process is shown, and a catalyst reactivation process with
gain of 100 % catalytic activity is proposed.

As outcome forthe thesis three paperwere published : “Oxidative cleavage of fatty acid
Derivatives for Monomer Synthesis”, “Economic risk assessment using Monte Carlo
Simulation for the production of azelaic acid and pelargonic acid from vegetable oils” and “
Regeneration of Raney®-Nickel Catalyst for the synthesis of High-Value Amino-Ester

Renewable Monomers”.






Chapter 1. Introduction






1.1 Vegetable Oils

Vegetable oils are oils extracted from the seeds or fruits of specific crops and are often used
for food or animal feed. The most significant advantage of these oils is associated to their
physicochemical properties, making them and their fatty acids content usefulfor industrial or non-

food applications. These oils are constituted by triacylglycerols (TAG).

Triacylglycerols (TAG)

Nowadays, fatty acids and their chemical derivatives have an important place in almost every
phase of modern living. They can be used to add specific qualities in food, pharmaceuticals,
cosmetics, plastics, paints, lubricants.

The interest of fatty acids foruse in humans quotidian has its origin as early as 2500 BC, were
the ancient Babylonians begunto use fatty acids for soap production. Soap industry was established
afterward AD 800-900 in Germany and France and greatly expanded until present. Theirapplications
were extended to other markets such as personal care market. Besides their exploitation, it was
only in 1818 that the French organic chemist Michel Chevreul elucidated the chemistry of
saponification. Chevreuldemonstrated that fats consisted of triacylglycerols [1]. Their composition
comprises of one molecule trihydric alcohol skeleton (glycerol) esterified with three long-chain fatty

acids (Figure 1-1).

Ester linkage

——————

_____________

Figure 1-1. Chemical structure of a triacylglycerol.

Fat splitting of triacylglycerols into free fatty acids and glycerol might be one of the most
important discoveries in the 19th century. Free fatty acids can be easily obtained by the hydrolysis
as discovered by Ernst Twitchell, known as the father of oleochemistry. Twichell [2] worked as a

chemist in the Emery candle Company nowadays known as Emery Oleochemicals and discovered




and patented the first splitting process [3], known as Twitchell process, consisted on the application
of benzene stearosulphonic acid as a fat-splitting reagent. The era of Oleochemical industry begun
resulting in an outstanding fatty acids properties exploitation to generate new molecules such as
fatty alcohols, produced by hydrolysis of the wax esters from animal source (whale) or jojoba oil,
estolides with hydroxyl or epoxide groups as precursors for use in shampoo and conditioners due
to the good moisturizing properties [4] and dimer, trimer or cyclic diesters finding applications in
the lubricants industry.
Industrial Oil Crops

QOil crops can be assigned as the symbiosis of the world agriculture to associated industries.
Industrial oil crops include oilseeds and perennial plants whose seeds, fruits or mesocarp and nuts
are valuable mainly for the edible industrial oils that are extracted from them.
In the last 25 years, it has gained an important place in the world economy. The total area of oil
crop cultivation land increased from 160 million in 1980 to 247 million hectares in 2005 [5]. The
annual world oil crop production has risen 433 million metric tonnes from 1980 to 2005. Such a
remarkable expansion of production is related to the process of concentration on dominant oil crops
species. Nowadays, major crop production are Soybean, rapeseed, sunflowerand oil palm [6].

Industrial oilseeds are viable feedstock sources to produce polymeric material as those
applied in paints, coatings, adhesives foams, etc. Among these industrial oils, biobased feedstock is
seen as a replacement of petroleum in the production of such polymers to reduce the
environmental impact associated with their origin and increase cost competitiveness. No mining
should be involved and the net production of the greenhouse gas, CO,, should be roughly neutral.
Polymers monomers constitution from biosourced oils have their origin in unsaturated fatty acids,
obtained from the triacylglycerols. These oils are obtained from the hydrolysis of tallow and

fractional distillation of crude tall oil.




Fatty acids

The global fatty acids size was estimated to be worth USD 31.1 billion in 2018 with an
estimated growth of 5.2% until 2026 [7].

Free-fatty acids are obtained by the classic and well-established oleochemical
transformation from the hydrolysis of the esterfunctionality of the triglyceride molecule to afford

3 fatty acids molecules. Further transesterification to methylesters (Figure 1-2), opened new market

applications.
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Figure 1-2. Transesterification of triacylglycerol.

Their constitution has a selective role in the choice of market applications. For example,
stearic acid, lauric acids and oleic acids are suitable for the cosmetics and toiletries industries [8].

According to the global Fatty Acid Market Size analysis [7], Asia ( Malaysia, Indonesia and
Philippines) remains till date the most thriving market for fatty acids. Coconut oil and palm kernel
oil are example of extraction of vegetable-based raw materials.

As highly functionalized molecules, fatty acids are also valuable renewable building blocks
for the synthesis of monomers for specific polymer’s properties. The double bond of triacylglycerols
can be epoxidized or converted into hydroxyl groups [9,10].

Epoxidized oils are used as secondary plasticizers [11,12], and the hydroxyl-rich oils are used,
for example, for polyurethane production [13].

Properties

The two configurations of the double bond, cis or trans, lead to different properties, such as
melting points, which might be important for the differentapplications.

Cis fatty acids are the most common natural products but are also thermodynamically less
stable than trans fatty acids. Fatty acids are also classified as monounsaturated fatty acids (MUFAs)
and polyunsaturated fatty acids (PUFAs). MUFAs are more appealing to produce high-value
monomers because fewer co-products and by-products are formed. In Table 1-1 it is represented

the fatty acids content for different oils (percentage mass-fraction of fatty acids).




SFA MUFA PUFA Others
18:1-
oil 16:0 18:0 20:0 22:0 18:1 20:1 22:1 18:2 18:3
OH
9,12,
A 9 11 13 9,12 9
15
Rapeseed 4 2 62 22 10
1.8- 16.5- 3.4- 56.2- 8.7- 4.8-
Crambe 0.7
2.2 17.2 4.7 62.5 9.5 5.2
Soybean 10 4 0.4 0.4 23 0.3 54 7.5
5.2- 2.2- 14.5- 14.4- 2.4- 14.7-  29.9-
Camelina
7.0 3.2 18.5 17.6 4.0 20.4 35.1
1.0- 4.0-
Castor 85-90
2.0 9.0
Linseed 5.5 3.5 17 15 60
40.1-
Palm <1.0 <0.6 36-44 6.5-12 <0.5
47.5
48.4- 3.9- 0.3- 15.6- 3.2- 0.1-
Stearin >0.2
73.8 5.6 0.6 36 9.8 0.6
Safflower 4.8 1.3 75.3 14.2

Table 1-1. A—carbon number of double bond unsaturation. Fatty acid composition of common edible and non-edible
oils extracted from and expressed as percentage mass-fraction of total fatty acids. SFA-Saturated Fatty Acids, MUFA-

Monounsaturated Fatty Acids, PUFA-Polyunsaturated Fatty Acids [14].

The growing interest in the use of the fatty acids as monomer precursors is driven not only
by their renewability but also because of the polymer technical properties, which are strongly
dependent on the carbon length chain [15,16]. Arkema (Colombes, France) is a world leader
producer of biobased polymer production, with several brands of polymers for different applications
[17,18]. The polyamide Rilsan (PA 11) and Rilsan T (PA 10.10) (Figure 1-3) are good examples of

biobased polymers produced from castor oil.
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Figure 1-3. Chemical structure of (a) polyamide 11 (Rilsan) and (b) polyamide 10.10 (RilsanT).



Valuable difunctional molecules that can be produced by oxidative cleavage of fatty acids
and derivatives include nonanedioic acid (Azelaic acid - DC9) and 1,11- undecanedicarboxylic acid
(Brassylic acid - DC13). However, these molecules have, currently, a limited market application
because they must compete with Sebacic acid (DC10) and Dodecanedioic acid (DC12), which are
well established in market applications. DC10 is already biobased and made from castor oil [19,20].
DC12 is commonly produced from fossil resources (from a butadiene derivative), but also by
fermentation of paraffins (by companies in China and formerly in Japan). Recently the company
Verdezyne was building a plant in Malaysia to produce it by fermentation of Dodecanoic acid (Lauric
acid - C12:0) ester, but due to a lack of financial resources, the production plant has been halted.
DC10 and DC12 [19] have already market applications and would be relevant to produce.
Unfortunately, there are no significant sources of fatty acids with a single double bond at the 10th
or 12t carbon that would allow a direct oxidative cleavage to these relevant diacids. The other
relevant monomers to produce would be the Aminoundecanoic acid (A11l) and the
Aminododecanoic acid (A12) because they would directly allow the production of polyamides 11
and 12 which are currently on the market. PA11is produced by Arkema [21], while there are several
producers, including Arkema, for PA12 [22]. In addition to these two polyamides that have a current
application, it is worth mentioning PA9, which was producedin the past underthe name of Pelargon
[23,24]. A1l is already bio-based and made from castor oil through a thermal cleavage process. For
A12 there have been some attemptsto make a monomer by fermentation by Evonik [25] and others.
Although there are several options to produce A9 (aminopelargonic acid) from natural resources,
the polymer is nolonger on the market and it would take much time to reintroduce it. For PA11 and
PA12, there are routes through metathesis or hydroformylation which have been investigated, but
also through oxidative cleavage [23,26]. For example, the oxidative cleavage of the gondoic nitrile
(C20:1, A-11) leads to a nitrile-acid intermediate that can be further hydrogenated. Similarly, the
oxidative cleavage of the nitrile obtained from the 12-hydroxyoctadecanoic acid, itself made by
hydrogenation of (9Z,12R)-12-Hydroxyoctadec-9-enoic acid (ricinoleic acid C18:1, OH derived from
castor oil) leads to nitrile-acid intermediates with 11 and 12 carbons, which can be further
hydrogenated to amino acids [27]. Since high purity monomers need to be obtained, the selectivity
of the process is of the utmost importance. A good understanding of the reaction mechanism and

process conditions is necessary.




1.2 Process intensification: it is time, it is now!

Chemical Industry had a crucial role in the history of human civilization. The first industrial
chemical process, the production of sulfuric acid, matches with the birth of the Industrial Revolution
dating back to the 18t century. It speeded up that much the society that goods were produced
massively, and technologies were developed or highly improved. Commodities arrived to people
from every social classes. However, such a “speed of light” grownup and developmentalso brought
a very dangerous side-effect. New sources of pollution were introduced. In the middle of the 20t
century, the effect of these changes started to be felt in several countries around the world. One of
the most known examples is the Great Smog in 1952, where pollutants from factories and home
fireplaces mixed with air condensation killed at least 4000 people in London overseveral days.

The current century has been characterized by the “environmentalawareness century”. New
politics have been implemented and adopted to curb emissions and improve energy efficiency.
Greener technologies are highly advertised. The need for the development of processes more
sustainable or eco-friendly has neverbeenso vital [28].

Process intensification (Pl) is a growing trend in the chemical industry. It arose from the
“drastic improvement of equipment and process efficiency” need without compromising the
desired output and still have a significant positive impact on the total plant capital and operating
costs. [29].

The PI strategy, conceived in 1970s at IClI’s New Science laboratory, indicate four main
principles that can be classified in two sections.

Improve equipment design in order to overcome limitations of conventional processes,
enhancements achieved through: 1) integration of operations, 2) integration of functions and 3)
integration or improvement of phenomena/functions limitations occurring in a given conventional
operation over 4) targeted enhancement of a phenomenon of a given operation.

Pl dogma includes the perspective of construction of a safer plant, reducing the
environmental impact and leading to reductions in carbon emissions.

Intensification needs to simultaneously address four domains: spatial (STRUCTURE-structure
environment to integrate reaction mixture and create high mass and heat transfer rates),
thermodynamics (ENERGY- Alternative forms and transfer mechanisms of energy to selective,

grandientless and local energy supply), functional (SYNERGY- integration of functions steps to




increase the overall efficiency) and temporal (TIME- increase energy efficiency along with side
reactions minimization) [30].

Process intensification encourages the substitution of the “old” batch industrial thought to
a more sustainable continuous process.

Continuous manufacturing offers better mass and heat transfers, which can also have a
positive impact on the selectivity. Furthermore, such production line, fully uses equipment units
24/7. For example, dimensioning a batch reactor must consider the reactants dose, heating, cooling,
discharge and cleaning. On the other hand, continuous manufacturing has dedicated equipment,
which can reduce reaction times and size of the plant (process intensification definition).

Emergent technologies are identified as the master key for an industrial process
improvement. These are technical innovations in which technologies from different fields are
converging and inter-connecting to give a similar goal.

Microwaves (MW) and Ultrasound (US) are examples of emerging technologies. In the
thermodynamic domain, MW can be the key to replace conventional conductive-based heating with
a “volumetric heating” not being limited by heat transfer surface or heat transfer coefficient [31].
MW heating can be applied in chemical synthesis [32] ; extractions [33] or food processing [34]. US

technology finds as well nowadays, a growing place in different market applications.




1.3 Ultrasound — a matter of frequency

Any permanent change in the physicochemical properties and/or form of a material, requires
an activation energy. US technology is at the base of sonochemistry. “Ultrasound” is
described in physics as acoustic energy with a frequency above human hearing threshold. In the
sound spectrum lies in the range from 16 kHz to 200 MHz at different acoustic intensities.

The discovery

The first findings on US were proposed by Lazzaro Spallanzani and Louis Jurine by observing
that bats were able to orient themselves in darkness without difficulty. They demonstrated that bats
were guided not through eyes but through echo reflection from high frequency inaudible sound.
The definition of fundamental physics of sound vibrations (waves), transmission, propagation and
rarefaction started to be studied in the later part of the 1800s by Lord Raleigh whose famous treatise
“the Theory of sound” describing sound wave as a mathematical equation, foundation of future
work in acoustics. In 1826, Jean-Daniel Colladon, a Swiss physicist, used an underwater bell to
measure the speed of sound in the water of Geneva’s lake. Later in 1880, Marcellin Berthelot [35]
proposed for the first time to carry on chemical reactions under: “the energy of ethereal matter,
animated by these vibratory and other movements that produce calorific, luminous and electrical
phenomena”. However, the first ultrasonic source (high frequency) was reported in 1876, by the
physiologist Francis Galton who developed the Galton whistle [35]. Four years later, the first
piezoelectric disc would change the history of acoustics and open place to the appearance of new

scientific domains such as USimaging, sonar, sonochemistry and others.

Piezoelectric effect

Namely called piezoelectricity from the Greek word meaning to press, was firstly discovered
in 1880 by Pierre and Jacques Curie. In their findings they observed that an electric charge was
generated when amechanical pressure is exerted on crystalline substances such as the Rochelle salt
(sodium potassium tartrate tetrahydrate), quartz (SiO2) and tourmaline. The charge was directly
proportional to the force applied. On the other hand, reverse piezoelectric effect occurs when rapid
change of electric potential is applied to the crystal and cause it to vibrate. US transducers contains

piezoelectric crystals that expand and contract to interconvert electric and mechanical energy [36].




Ultrasonic waves production

Ultrasonic waves are produced by an ultrasonic frequency generator linked to transducers.
The ultrasonic generator converts the frequency and power characteristics of the electrical energy
received from the power line as required to operate the ultrasonic transducers.

Different equipment types can be used to produce US energy such as ultrasonic horn, cup
horn and tank/bath devices.

The ultrasonic horn transfers the mechanical vibrational energy from the transducer to the medium.
The converter converts the high frequency signal into a mechanical vibration in the same frequency
(piezoelectric effect).

The sonotrode increases/ decreases amplitude of the mechanical vibration (Figure 1-4). The
equipment can be coupled/not with a booster that allows to increase the amplitude. The energyis
concentrated in a small volume. On the other side, in an ultrasonic tank/bath the energy is spread
over a larger volume. In this case cavitation occurs non-conformable and uncontrollably distributed

over the tank at low energy intensity (Figure 1-4).
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Figure 1-4. Scheme of US system (horn configuration).



Different theories of sonochemistry
In the sonochemistry domain there are three different theories that can explain sonochemical
events:
1) hot-spot theory
Result of rapid collapse of acoustic cavities in short time (less than 10 ps), with the existence
of extremely high heating and cooling rates in the vicinities [37].
2) electrical theory
Due to the high temperatures achieved by bubbles implosion (5000 K), a light emission of
more than 107 photons per flash can be achieved. According to Margulis large electrical field
gradients are developed during bubble formation and collapse leading to sonoluminescence [38].
3) plasma discharge theory
Le point and Mullie [39], assumed that the cavitation is a fragmentation process due to an
intense electrical field instead of a real implosion.

Nowadays only the hot-spottheory is widely accepted.

Bubble collapse

The use of diffused sound energy and/or the use of pressure and kinetic energy of the fluid
by concentrating it and delivering it at the actual site of the physicochemical transformation make
US technology such an amazing emerging technology. This concentration of energyin liquids can be
described as cavitation phenomenon: creation; growth and implosion of bubbles formed when a
liquid is subjectedto a pressure wave. To achieve acoustic cavitation certain threshold, depending
of the liquid used, should be attaint. For example, in water achieving the threshold of 0.5 W/cm?3 at
20 kHz at atmospheric pressure, cavitation occurs.

The sound wave consists of compression and rarefaction cycles.

The definition of cavitation relies on the “fast and strong compression of gas phase in a
bubble”. The cavities, denominated as cavitation bubbles, are formed and grow in liquid under the
oscillatory influence of rarefaction (negative pressure) and compression (positive pressure), zones
within a traveling sound wave radiation from a vibrating source or transducer.

Cavitation occurs from the movement of soundwaves radiating away from vibrating source
or transducerthrough a liquid. It occurs when the static pressure is below the liquid’s vapor pressure

(Figure 1-5). The liquid evaporates and the cavitational bubble is formed.
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Figure 1-5. Schematic of water phase diagram — cavitationphenomena.

Cavitation bubbles, once formed, either continue to oscillate in a specific time and the
degenerate, either, it continues to grow to a size that cannot be sustained and collapses (implode),
releasing a shockwave which is formed by the jet from the point of the collapse into the surrounding

space. A transient cavitation is formed (Figure 1-6).
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Figure 1-6. Influence of rarefaction and compressionzones in the diameter of the cavitation bubble leading to bubble

explosion.

The energy which the cavity gains during its growth over terms of microseconds is released
during its subsequent implosive collapse in few microseconds. Such fast energy dissipation results
into a local high temperature (~14000 K) and high pressures (~1000 atm) as the heat and mass
transport processes occur much slowly (milliseconds). The use of these extreme local temperatures,

to bring about the desired transformations, is known as cavitational induced transformations.



Cavitation bubbles that only oscillate and do not implode produce an effect called
“microstreaming” providing micro-agitation in their immediate vicinity, not providing the intense
shockwave associated to the violent collapse of the implosion.

The four basic variables, responsible for changing the dynamics of the cavity and thus the
sonochemical transformation are: frequency of irradiation, amplitude, geometric configuration of

the reactor and power.

Frequency and bubble size

The frequency (hertz or cycle per second) of an ultrasonic equipment defines its application.
This parameter is expressedin kHz or MHz.

US has proven its worth in diagnostics due to its non-destructive nature at low intensities
and frequenciesfrom 2 to 18 MHz, avoiding the deleterious effectthat X-rays have in living tissues.

Ultrasonic cleaning, from 25 kHz to 1000 kHz, is the most popular application of US in
industry. Lower frequencies equipment are used to clean large masses of metal, where ultrasonic
erosion is of little consequence (automobile metal parts). Nonetheless, higher frequencies such as
from 250 to 1000 kHz are applied in more delicate components like monocrystalline photovoltaic
wafers or electronic pieces that can be highly damaged understrong cavitation [40]. Other growing
industrial applications are cutting [41], in particular food industry, and welding in automotive and
packaging [42].

Frequenciesin the range of 20-80 kHz, lead to the formation of more aggressive phenomena
such as shockwaves, microjets, micro convection however high frequenciesfrom 150-2000 kHz can
favor chemical effects such as radical production, etc.

A described above, the vibrational frequency is generated using either a piezoelectric
transducer vibrating at their resonance frequency or using magneto-restrictive transducers.

The power density of the shock wave produced by the implosion of the cavitation bubble is
directly related to its size. The higher the cavitation bubble is, the higher will be the power density

of the implosion. Size of cavitation is inversely related to frequency [43] (Equation 1-1).

f 1 [(3yP,
7 21\ pR?
Equation 1-1. fo- natural frequency of oscillating bubble, Hz, P.-ambient pressure amplitude, p — density Kg.m?3 R-
resonance size the of bubble/cavity atany instance.

The lower the frequency higher will be the compression and rarefaction sound cycle, more

time the cavity has to growth. However, fewer cavitation bubbles, each with higher energy, will be




produced. Contrarily, the higher the frequency, lower is the sound cycle, lower is the time of the
bubble to grow, and therefore lower will be the cavitation bubble radius. More cavitation bubbles
will be produced but with lower energy density. At these frequencies, lower will be the possibility
of bubble implosion. In the Figure 1-7 is possible to observe the type of cavitation bubbles created

in ultrasonic baths with two different frequencies (40kHz and 170 kHz).

Figure 1-7. Ultrasonic cleaning tanks with 40 kHz and 170 kHz of frequency.

The tank operating at 40 kHz, has three cavitation implosions events each with an energy
content of 6 eV for a total of 18 eV overall. The tank on the right, operating at 170 kHz has 9
cavitation eventseach with an energy content of 2 eV for a total of 18 eV overall. Both tanks have
the same overall power, but the physical effects will differ because of their different cavitation
characteristics.

In the first case “micro-streaming” resulting from the oscillation of cavitation bubbles that
do not implode or the shock waves resulting from the implosion of cavitation bubbles, provide a

mixing effect. This mixing action reduces the time for their thorough interaction.



Radical production

In sonochemical reactions there are mainly three reaction sites: interior cavity, gas-liquid

interface and bulk liquid (Figure 1-8).

Bulk solution (300 K)

H0
H0;,

Gas-liquid interphase (2000 K) H,

OH + O0H —=H,0+0,

Cavity interior
(5000 K)
HyOg)—= OH + H'
Ozigr—= OOH
OH + OOH—= H,0+0,

H +OH —eH0,
H + H - Hy

Figure 1-8. Sonochemical reactionzones (adapted from [44]).

Petrier et al. [45], suggested that a high frequency enhances the liquid to the vapor phase
OH- radical formation (Figure 1-9). These statements are proved thorough the experiments pursued
by Somia Haouache et al. [46] in which glucose was obtained by selective depolymerization of

cellulose pursued at 525 KHz or evenin radical polymerization reactions [47].
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Figure 1-9. Influence of frequencyin radical/ not reactions.




Amplitude

Similarly, amplitude also plays an important role in the formation type of cavitation bubbles.
Higher the amplitude, higher will be the possibility of the cavity to grow to a higher size (lower
negative pressures during the rarefaction cycle) and hence the subsequent collapse is with higher

compression ratio and so more severe phenomenon’s.

Geometric configuration

The geometric configuration has a major importance in the type of cavitation, repeatability
and application purpose.

Sonochemical reactors differ in the number and placement of transducers and on the
frequency, poweror amplitude parameters.

Ultrasonic horns are typically immersion type of transducers and very high intensities are
observed near the horn. The intensity decreases exponentially as one moves away from the horn
and vanishes at distance of as low as 2 and 5 cm depending on the maximum power input to the
equipmentand also to the operating frequency.

Ultrasonic baths, or ultrasonic tanks (Figure 1-10) are another common configuration
ultrasonic device type. The bottom of the reactor is irradiated with a single or multiple transducer.
The active zone is restricted to a vertical plane justabove the transducers with a maximum intensity
at the center of the transducer. Thus, the area of irradiating surface should be increased (maximum
possible) to get betterdistribution/dissipation of energy in the reactor and maintaining it just above
the required cavitational threshold.

Ultrasonic tanks systems are more effective as compared to the ultrasonic horn system in terms of

the uniformity of energy distribution and large-scale application (Figure 1-10).
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Figure 1-10. Sound wave generation in an ultrasonic cleaning tank.



Scalability

The scale up of horn-type equipment is very difficult as it cannot effectively transmit the
acoustic energyinto large process fluid volume. Probe-types also sufferfrom erosion and particles
shedding at the delivery tip surface due to high surface intensity ( W/m?2), they may also be subject
to cavitational blocking (acoustic decoupling), and the larger the transducer displacement
(amplitudes) increases stress on the material of construction, resulting in the possibility of stress
induced failure. Thus, ultrasonic horn type is commonly recommended for laboratory scale research
to obtain parameters design for scale up.
Boundary Layer

The “reach” of the ultrasonic effect near a surface is limited by the boundary layer
phenomenon. This phenomenon, caused by friction, limits relative motion of a liquid neara surface
with which it is in contact. Since the formation of cavitation bubbles requires the presence of a
sound wave (motion), there cannot be a sound wave where there is not enough freedom of motion
to allow it to occur. Higher frequency sound waves do not require as much freedom of motion as
lowerfrequency sound waves. Therefore, higherfrequency sound wavescan penetrate and produce

cavitation bubble implosions closer to a surface than can lower frequency sound waves.

Ultrasonic parameters estimation
Nowadays the US technology finds its place in many science and technological applications.
Its application dependson different parameters.

Besides, sometimes forgotten the sonochemical system, has a major importance and
influence in the chemical process. Before saying that a chemical reaction is improved by the US
technology, a rigorous, technical study should be pursued. Reproducibility is difficult to achieve.
Different equipments show different results. Several studies in ultrasonic baths suggest that high
improvements are obtained in chemical reactions.

The choice of the equipment is dependent on the purpose of US application.




Power

The “nominal electric power”is the power delivered by the generator.
Acoustic power

Above the cavitation threshold, a part of the acoustic energy is converted into heat by
adsorption. The acoustic power is though obtained through the mass m (expressedin g) of the
irradiated fluid and its specific heat capacity (cp) by the initial temperature rise per unit of time.
(Equation 1-2).

dT
Pacous=mx cp x(E)to

Equation 1-2. Acoustic power. m: mass expressed in g, cp: heat capacity expressed in J.g*. K%, dT/dt: initial temperature

rise per unit of time expressed in K.s™.

The acoustic power is normally reported by unit of volume in W.L1.

Cavitation regions

As result of the intrinsic characteristics of the ultrasonic waves, it is impossible to obtain a
homogeneous phenomenon over the entire volume of a liquid. The ultrasonic wave propagates
from the transmission source in a cone defined by 90% of the energy propagated in this volume;
therefore, the geometry of the reactor is of major importance in ultrasonic irradiation.

Different methods are used to determine the “cavitation zones” in a sonoreactor. For
example, inan ultrasonic cleaning tank, the mechanical determination of the active zone is observed

by diving vertically and horizontally an aluminium foil (Figure 1-11) in the irradiated liquid.
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Figure 1-11. Cavitation effect on an aluminium foil at 40 kHz and 80 kHz and at 50 and 100% of input power.




Sonochemistry

Wood and Loomis can be considered even if they were not aware, the fathers of
sonochemistry. The results of their published study in 1929 about the progressive destruction of
blood corpuscles showed results in emulsion preparation, particle aggregation, acceleration of
chemical reactions, crystal segregation and growth and other actions that encouraged the
development of sonochemistry [48].

In 1938, Porter and Young reported for the first time the application of US in organic
synthesis, proving a chemical acceleration reaction of reduction of benzamide to phenylisocyanate
[49]. Based on Wood and Loomis experiments, in 1932 Oyama (Electronic Engineering, Tohoku
Imperial University, Japan) made some important developmentsin the US physics characterization
such as measurements of acoustic pressure and sound coefficient adsorption but also in US-driven
emulsification [50].

However, it was only in 1950 that Ostroski and Stambauch obtained a high significant
improvementin emulsions preparations, in the reaction rate and in the efficiency of polymerization
of styrene under frequencies ranges from 15 to 500 kHz.

In 1950, Noltingk and Neppiras [51] predicted for the first time that a cavitation bubble can
achieve 10000 K. The localized voids with extreme hottemperatures, was termed “hot spot”.

In 1982 Makino etal. proved the formation of H and OH radicals in the sonolysis of aqueous solution
in an ultrasonic bath of 50 kHz of frequency [52].
Cavitation implosion generates solvent radicals H- and -OH that recombined can generate H;0;
molecules (Figure 1-12).
H,0 — =H + OH
H' + OH ———= H,0
H+H —> H,
OH +OH —= H202
H+0, — > HO,
Oyt OH, —— Ha02 + 0,
OH + HO ——— H,0, +H

Figure 1-12. Water sonolysis productionand recombination of radical species.




On the wave for green chemistry

If we look at the main principles of “green chemistry”, we can right away associate it to the

main objectives of US application.

Use of less hazardous chemicals and environmentally friendly solvents.
- Improve selectivity of chemical reactions.
- Minimize energy consumption, lower temperature, and lower pressure.
- Useof renewable feedstock.

In 2006, areview published by Cravotto & and Cintas reported : “The knowledge thus gained
confirmed that the bubbles behave as special microreactors in which outcome of the reactions is
predictable.” [53]. In this sense, new developmentsin US technologies have urge to fight chemical
environmental impact such as the application in the synthesis of fused heterocycles, Diels-Alder
cycloaddition of furan dienes in solvent free conditions [54], oxidation reaction such as oxidation of
sulphides to sulfoxides under low frequency (22 kHz) and hydrogen peroxide reported by Pandit [55]

or biofuel production from non-edible oils [56].
Potential application of sonochemical reactors
Due to the difficulty of repeatability in chemical reactions and up-scaling issues associated
with the use of this technology, mainly associated with the unpredictable hot-spot production and
localization, the main industrial-scale applications are in the domain of cleaning used for engine
parts due to the low cost and efficiency [40] plant extractions (PLAFAR in Romania) and

crystallization (Accentusin UK) [57].



1.4 Oxidative cleavage of unsaturated fatty acids?

High value monomers can be obtained by oxidative cleavage of the double bond of
unsaturated fatty acids. Oxidative scission leads to bifunctional (e.g. diacids) and monofunctional
(e.g. monoacid or aldehyde) compounds which serves as intermediates. For example, the reductive
ozonolysis of oleic acid/ester leads on one side to nonanal; which can be used in the perfume and
fragrance industry; and on the other side to a bifunctional aldehyde-acid/ester which can be used
in the polymer industry through reductive amination [27] or hydrogenation [58]. These can also be
oxidized to the corresponding acids or hydrogenated to alcohols leading to valuable starting
materials for the synthesis of polymers plasticizers. The oxidation of 9-oxononanoic acid leads to
azelaic acid (1,9-nonadioic acid), a precursor of plasticizers, lubricants, and polymers like Polyamide -
6,9 [59,60]. Respectively, nonanal can be oxidized to pelargonic acid (nonanoic acid) which is used

as herbicide [61] or lubricants [59,60] (Figure 1-13).
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Figure 1-13. Market application of intermediatesand products of oxidative cleavage of unsaturated fatty compounds.
Oxidative cleavage of unsaturated fatty acids is mostly accomplished by ozonolysis.

Oxidation of the olefins by ozone (0O3) has been proposed as a clean and efficientreaction for use in

the production of bio-based aldehydes (reductive ozonolysis) and acid monomers (oxidative

1 From the publication: Soutelo-Maria, A. L., Dubois, J.L., Couturier, J.L., Cravotto, G., Oxidative cleavage of
fatty acid derivatives for monomer synthesis, Catalysts, 2018 (10), DOI: 10.3390/catal8100464




ozonolysis). This oxidative cleavage process, the only operational process applied in the chemical
industry (P2 Science [62], Emery Oleochemicals [63] and Croda Sipo [64]), presents some
disadvantages as high energetic (high electricity consumption) and the need foraspecial technology
for production of ozone (ozone generator) , dilution of the ozone in the feed (1.5-2 wt. % ozone
when air is the oxidant), which implies slow reaction kinetics [65]. However, O; instead of air can be
used and ozone generators are common in paper industry. As alternative, oxidative cleavage using
hydrogen peroxide has been studied since 1945 as a potentially cheaper substitute to ozone.

Ozonolysis

Ozone, acolourless gas with the characteristic smell of air aftera stormy day, is awell-known
oxidant for oxidative cleavage of unsaturated fatty compounds.

Discovered by Harries [66] at the turn of 19t century, oxidative cleavage by ozone became
a popular and industrial process to obtain high value monomers from natural sources. The double
bond is cleaved quantitatively under extreme mild conditions usually at cryogenic temperaturesin
dilute solutions in acid / base free conditions. The products of such reaction are aldehydes, ketones,
peroxidic derivatives or with oxidative work-up the carboxylic acids.

The mechanism comprises three main steps (1,3-dipolar reactions [2+3]). It starts with a
formation of the first intermediate ozonide or molozonide (Scheme 1-1 step 1) followed by
decomposition of the primary ozonide (first intermediate highly unstable) into carbonyl compound
and carbonyl oxide (Scheme 1-1 step 2) and finally the addition of the “carbonyl oxide” to the
carbonyl compound forming more stable ozonide specie (Scheme 1-1 step 3) . In typical process the
gas mixture is passed through a solution of the unsaturated compound in methanol or

dichloromethane.
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Scheme 1-1.Productionof ozonide.

Oxidation of the olefins through ozone has been proposed as a clean efficient reaction for
use in the production of bio-based aldehydes, through reductive ozonolysis [62] or carboxylic acids

, through oxidative ozonolysis when treated with a mild reducing agent (Scheme 1-2).
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Scheme 1-2.1) Reductive, 2) oxidative ozonolysis.

Called “Environmentally friendly” reagent forming oxygen as by-product, ozone is known has
high atom efficiency oxidant which 66 mol % of the molecule is directly used in the reaction
compared to otheroxidation systems.

The first intermediate of the reaction besides its high instability is highly energetic
(decomposition energy from 200 to 400 kJ/mol). Such intermediate tends to decompose under

sudden heat evolution and must be treated under oxidative reductive conditions.

Industrial application

Ozonolysis is nowadays the most popular oxidative cleavage industrial process.

Meanwhile the industrial application of ozone demands several safety precautions. High
quality experience with ozone is a critical requirement for its handling in industrial scale.

Koike Kunihiko et al. investigated the explosive self-decomposition characteristics of ozone.
In their research, they found that the explosion limit for ozone diluted with oxygen at room
temperature was 10-11 vol%. At higher volumes an explosive chain decomposition reaction could

be caused leading to complete conversion to oxygenin a vessel. Under pressure the limit increases

at 100 Tor or less [70].




Hydrogen peroxide

Hydrogen peroxide was discoveredin 1818 by the French chemist Louis-Jacques Thenard. This
oxidant was firstly produced by treating barium peroxide with nitric acid and improved with the
addition of HCl and H2SO4 to precipitate the barium sulphate coproduct. However, pure hydrogen
peroxide was long believed to be unstable due to the existence of traces of metals after synthesis
that catalyzes the hydrogen peroxide decomposition. After 80 years of its discovery, it was obtained
for the first time pure, by Richard Wolffenstein through vacuum distillation.

The most known industrial process applied nowadays is the anthraquinone auto-oxidation
process developed by BASFin the 1940s. Such process covers the reduction of oxygen with hydrogen
production. The anthraquinone, typically 2-ethyl-anthraquinone is hydrogenated to a 2-ethyl-
hydroquinone and then reoxidizes back to anthraquinone releasing 1 molecule of hydrogen
peroxide. A metal catalyst such as palladium catalyst is used to convert the anthraquinone to

hydroquinone followed by autooxidation in air forming hydrogen peroxide (Figure 1-14).
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Figure 1-14. Anthraquinone processfor Hydrogen peroxide production.

Hydrogen peroxide finds many applications such as chemical synthesis, textile and paper
bleaching. The demand for paper and pulp industry leads to an estimated market in 2024 to USD
2.5 Billion. Arkema is among the top three world producers of H,0> with three different brands in
the market, ALBONE®, PEROXAL® and VALSTERANE®, with production plants in Asia, Europe and
North America [71]. Being a natural metabolite of many organisms, its green nature is associated to
its decomposition in only O> and H,O [72]. The content of active oxygen depends on the
concentration of H,0» (Table 1-2).

Hydrogen peroxide decomposition is quite exothermic (AH°= -100.4 kJ/mole), making it a
hazardous reagent. Physical properties of H,0, change with the concentration as well the risks
associated, for example, the use of highly concentrated aqueous solution (>70 wt. %.) can generate

serious hazard problems[73—75].




Property 70 % wt 50%wt 35%wt
H.0., g/l 902 597 395
Litresof O>at0°C/ 760 mm Hg

releasedby litre of H,0,at 20 °C 298 197 130
Active O; content, mol % 32.8 23.5 16.4
Freezing point, °C -55 -51 -32
Boiling pointat 760 mmHg, °C 119 114 108
Viscosity, centipoisesat 25 °C 1.20 1.17 1.10

Table 1-2. Physical properties of different concentrations of hydrogen peroxide [14].

The fact that the waterfreezesand evaporates quicker than H20;, promotes the increase of
concentration of H,02 in water solution. In this case, the lower the concentration of hydrogen
peroxide transported, the lowerthe transportation hazards [77,78]. However, higher reactivities are
achieved with higher concentration of H,0> [23,79,80].

Hydrogen peroxide reacts well with organic compounds. This activation can occur by
nucleophilic, electrophilic, radical activation or transition metal activation forming a metal-oxo or
metal-peroxo complexes.

The application of this oxidant, from our knowledge, in the epoxidation of a, unsaturated acids,

was initiated by Payne in 1958 [81].

Safety considerations in H,O2 manipulation

Attention! Concentrated H:0: it is dangerous! [74,75,82]

Besides its environmentally friendly character, safety should always be taken in account.
Decomposition of hydrogen peroxide, as mentioned above, releases heat. In concentrated
solutions, the heat raises the temperature of the solution accelerating the decomposition rate.
Because of this, stabilizers are added during the manufacture of all grades[83] toinhibit the catalytic
decomposition effect of metals and other impurities that may accidentally contaminate the oxidant
during shipment, storage, and handling. Still, no additive will prevent decomposition if excessive
contamination occurs. In addition, at high H.0, concentrations the mixture with organic compounds
might cross the flammability limits. The safety proceduresto take in account are:

All containers with H.0> solution must be properly vented, and properly stored away from
sources of direct heat and combustible materials.

Adequate ventilation and an enough water supply should be provided for thorough flushing

in case of accidental leak on the property or spillage on the worker. Besides H,0> is not considered




an explosive, in contact with organic substances at significant concentrations, and compounds
containing catalysts like silver, lead, copper, chromium, mercury and iron oxide rust, rapid
decomposition of the oxidant can occur and an explosive pressure rupture of the containing vessel

if this is not properly vented.

Reaction Mechanism

Historically the use of H,0: in oxidative cleavage started with studies of hydroxylation of
unsaturated fatty acids. The direct conversion of these to the corresponding o, -glycols was studied
in 1949 by Mugdan and Young [9] from Distillers Company Ltd, where they found that pertungstic
acid catalyzes the addition of 2 hydroxyl groups (-OH) in RS and S,R position. The reaction is
facilitated by increasing the nucleophilic character of the double bond involving by this, in case of
oleic acid, the formation of an epoxide specie as the first intermediate. This reaction was considered
by Swern [84] to be an ionic addition reaction followed by the epoxide ring fission by the nucleophilic
attack of “OH group to one electrophilic carbon atom, known as Walden inversion [85], giving place
to the isomers R,S and S,R-diols formation. Contrary to Mugdan, some authors [86—88] claim that
the first step of the reaction, with this kind of catalyst, is non-stereoselective yielding in the first
step (1) to epoxide (2 and 3), giving place to the racemic mixtures of syn diols (4 and 5) or anti-diols
(6 and 7) via non-enantioselective hydrolytic cleavage (Il). To achieve oxidative cleavage the reaction

should proceed by cleavage of C-C bond releasing water (lll), with formation of corresponding

aldehydes (8 and 9) and further oxidation to yield carboxylic acids (IV) (Scheme 1-3.).
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Scheme 1-3. Oxidative cleavage intermediate steps with hydrogen peroxide and tungstic acid.
Catalyst

Many catalysts have been applied in this type of reaction [89-92]. For example, Niobium
oxide catalyst has beenrecently described for the oxidative cleavage of methyl linoleate to obtain
aldehydes as a major product. The reaction occurs through a radical mechanism with initial
formation of hydroperoxyl radicals (HOO-) formed by the interaction between Nb(V) and H,0,. A
conjugated hydroperoxide radical is formed, reacting consequently with the molecular oxygen
formed by H,0; decomposition in presence of Niobium. The reaction proceeds through a Hock-type
rearrangement with water elimination and formation of protonated hemiacetals which fragments
to form aldehydes compounds. This radical-type mechanism followed by isomerization and
hydroperoxide formation was proposed due to the fact that in tests pursued with methyloleate and
methyl linoleate, only the latter provided significant quantity of aldehydes (40 mol %) [89].

Tungsten-based catalysts are the most common preference in the oxidative cleavage with

H>0; studies [93-95].




Tungsten based catalysts

Tungsten as a mineral, was first mentioned in a scientific literature in 1574 as Wolfram. Itis
recovered from nature as trioxide WO3s (anhydrous) or WO3.nH,0 (hydrate) and it exhibits very
strong Bronsted acid sites [96,97]. The relatively low point of zero charge (PZC) is the result of its
high surface acidity. The oxidation states of tungsten from -2 to +6 leads to several W species which
are applied to different reactions, such as tungsten carbide in hydrogenation of olefins [98],
tungsten Sulfide (as NiWS) in hydrotreatment/hydrodenitrogenation [99] and tungsten Oxide in acid
catalysed reactions such as glycerol dehydration to Acrolein [100].

Based on the experiments of Swern work [84], Luong T. and co-workers [101], reported a
new method of preparation of the a,B -glycols by means of a hydrogen peroxide-tungstic acid
system at pH=0-1. However, they reported that with the addition of H.O; at concentration below
70 wt. % at 55 °C, the reaction kinetics were extremely low, followed by high exothermic and
uncontrollable reaction. The main reaction occurring was the decomposition of H,0,.

They assumed that tungstic acid requires a period of preconditioning with agueous hydrogen
peroxide before it can act as a catalyst. The solution of H20; and tungstic acid was stirred at room
temperature for 20 minutes. This can be explained by the fact that in presence of H20,, tungstic acid
is oxidized to pertungstic acid, the active intermediate specie to the oxidation process. The work
done by Sapunov & Lebedevshows the kinetics and the catalytic mechanism of olefin epoxidation
with H202 in presence of tungsten salts [102]. They demonstrate that the peroxytungstate defines
the epoxidation rate. The catalytic specie would be the anion HWOs". The rapid decomposition of
H20,, neutralized the active tungsten anion and its activity was substantially reduced.

Luong T. & co-workers hypothesis was that a reaction product was formed with surfactant
properties, changing the characteristics of the emulsion and promoting the interaction between
oleic acid, hydrogen peroxide and catalyst. If tungstic acid is omitted in the reaction media, no
oxidation occurs because decomposition of H20: is faster than the reaction. They favoured the
option of a pre-conditioning hydrogen peroxide-tungstic of 5 h before a 19 h reaction at 55°C,
probably leading to the formation of pertungstic acid.

The first intermediate detected from oleic acid was the 9,10-epoxystearic acid (EpSA), with
consecutive conversion to threo-9,10-dihydroxystearic acid (DHSA). In those studies, it was
observed that the rate of oxidation did not accelerate until some accumulation of the DHSA. They

found that this specie probably acted as a phase transfer agent in the oleic acid oxidation. This




statement was proved by dissolving 2 wt. % threo-DHSA in oleic acid and conducting the oxidation
at 55°C. Nevertheless, as the oxidation proceeded, the system became pasty and hardened. By
addition of 2.5 mL of water to the solution they achieved for the first-time small quantities of
cleavage product [101]. On our side, we confirmed these observations: when the conditions are
appropriate to avoid the accumulation of the DHSA as a pasty/solid material, cleavage products are
produced [103]

On pre-conditioning with hydrogen peroxide and tungstic acid, a complex A is formed
between hydrogen peroxide and tungstic acid proceeding with oxygen transfer to form a

polyperoxytungstic acid (B):

[H2WOa]n + [H202]m 2 [H2WO4]n.[H202]m 2 [(H2WOs5)m(H2WO4)n-m]+m H20
A B

Two different mechanism were proposed: 1) When pre-conditioning is not employed: DHSA
acid is observed; A complex is formed; and the hydroxyl species facilitates transfer of oxygen from
H»0, to the tungsten catalyst and to the double bond through B complex; 2) When pre-conditioning
is used, and hydroxylintermediate (DHSA) is absent: B is formed being the primary oxidant. After
starting the oxidation reaction, some diol intermediate species are formed, and the oxidation
proceeds via complex A giving B; while reaction kinetics were obtained with pre-conditioning and
DHSA present at the beginning of the reaction. Tungstic acid is not well dissolved in H;02 and it is

consistent with our own observations.

Peroxo-tungstate complexesin oxidative cleavage of unsaturated fatty acids

Metal catalyzed oxidations with hydrogen peroxide can be conveniently divided into two
categories, involving peroxometal and oxometal species, as the active oxidant [104].
MacKenzie et al. [105], applied for the first time a system comprising a cobalt salt instead of
tungsten, a portion of DHSA (between 1 mol % and 3 mol %) and using propanol as a solvent. The
use of cobalt salts, like cobalt acetate or naphthenate, was guided by the high catalytic activity that
remained for long periods of time using oxygen as an oxidant, but also certainly by the lower oxidant
cost.

This method is also described by De Vries & Schors [106]. They were able to oxidize a, B-

vicinal diols to the corresponding acids, with a combination of H.02 and O, using cobalt as a catalyst.




W/Co system

In 1974 Procter & Gamble released two patents [107,108] where the oxidative cleavage of
vicinal diols was achieved using a combination of tungstic acid and cobalt in the presence of a polar
aprotic (dimethylacetamide) solvent and oxygen. They prepared a solution of 70 wt. % H.0; and
tungstic acid stirred for 3 h at 35-50 °C and left overnight (the solution passed from yellow to a
cloudy-white or grey color). To this, it was added at the beginning a small amount of DHSA,
dimethylacetamide, and cobalt. Oxygen was used as a co-oxidant, and the slurry of tungstic acid and
hydrogen peroxide was added dropwise over 4h reaction. The reaction temperature rose to a
maximum of 100°C.

Following this principle, E. Santacesaria et al. [109,110] proposed a reaction in two
consecutive steps. The first step is comprised by the reaction between the oleic acid with 60 wt. %
H20,, in the presence of tungstic acid to form the a,B-diol species. The second step corresponds to
the oxidative cleavage with molecular oxygen, under pressure, of the a,B-diol species, in presence
of the in-situ formed catalyst, obtained by the reaction between the remaining tungsten catalyst of
the first step and the metastable form of cobalt acetate added before the beginning of the second
step. The reaction was performed with addition of oxygen, under moderate pressure in autoclave
giving place therefore to a triphasic system, gas-liquid-liquid.

In the second step of reaction in presence of Oz (absence of H.0), the tungstic acid was not
active without the addition of cobalt acetate and cobalt acetate was not active alone too —note that
in this case thereis not enough H20; to continue the oxidation and that the sole source of oxidant
is Oz, which then must interact with the Co moiety. According to the authors by mixing both, a new
catalytic species was then formed, which is still not clearly defined.

Cobalt ions can act as wellas a templating agent for the formation of polyoxometalate (POM)
with a well-defined structure such as Keggin, Dawson or Anderson structures. Anderson structures
are easily formed by reacting molybdate, cobalt and hydrogen peroxide. However, these are much
less known than tungsten [111].

Santacesaria argued that the activity of this complex catalyst was not due to the original
well-structured polyoxometalates (POMs) formed but due to lacunary POMs successively formed in
which the cobalt atoms are directly accessible to the reagent and so the tungsten atoms have the
capacity to activate the cobalt catalyst. Two different mechanisms were proposed: 1) direct C-C

bond cleavage with formation of an aldehyde group as intermediate with consequent oxidation to




acids; 2) formation of W-hydroxyketone by initial oxidation of OH group and successive oxidation to
acid. The second proposal was supported by the detection of hydroxyketone specie by Gas
chromatography (GC-MS). This process has been developed by the bioplastic firm Novamont S.p.A.
[80,112,113] and now produced by their joint venture Matrica.

W/P system

Heteropoly-acids and anions are those that contain one or two atoms of another elementin
addition to tungsten, oxygen and hydrogen. It consists of combinations of octahedral WO groups,
so that the conversion of WOf" into polyanions requires an increase in coordination number. The
polymerization of its oxo-ions metal constitution can be related to the metal and oxygen orbitals
ability to overlap giving a strong it bonding (M=0). Cotton and Wilkinson [114] state that tungstic
acid is polymeric (HWOa4)n. The lower the pH employed, the higher the aggregation would be
expected. This statement was proved by x-ray patterns.

Venturello et al. reported the importance of aqueous hydrogen peroxide in conjunction with
catalytic amounts of tungstate and phosphate ions, under acidic conditions.

The reaction proceeds via an initial C-H bond fission of the a,B-diol unit to form a-hydroxy ketone
followed by oxidative cleavage of the latter yielding aldehydes with further oxidation to obtain
carboxylic acids. They supposed that this intermediate probably arises from the decomposition of
an adduct formed by interaction of the diol with the anionic tungsten-peroxo species presentin the

acid solution [115] (Figure 1-15).
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Figure 1-15. Complexformed betweenthe anionic tungsten peroxo specie and the diol intermediate.

Induction time/mass transfer concerns

In 2011, Novamont described in its patent that the oxidative cleavage reaction mechanism
of the vicinal diols with oxygenis of a radical type due to the observed reaction acceleration. From
their point of view, the reaction showed an induction time in which the hydroxyl radicals started
propagating exponentially and uncontrolled leading to a lack of selectivity with the formation of by -

products of different chain length [80].




The activity of organometallic complexes of W is found to be limited to homogeneous
catalysts in a medium containing H>0, H,0>, catalyst, olefin and the organic solvent. The olefins are
in general insoluble in an aqueous phase. The best cleavage results were obtained at concentration
of 70 wt. % H20,. Low concentration oxidant solution led to a slow reaction, low productivity of the
oxidized products, low conversions and selectivity due to a limited solubility of H;0; in the
homogeneous solvent/olefin/ catalyst system.

Aqueous hydrogen peroxide is rapidly decomposed by catalytic metal compounds, reducing
the ability of peroxide to proceed oxidation reaction. To avoid faster decomposition, tert-butanol
can be added, but which can also form tert-butyl hydroperoxide. The need for a long induction time
described by Venturello suggests the requirement of the use of a new active catalyst, phase transfer
catalyst (PTC) to not only solve the dissolution problem but also to stabilize H.O; against

decomposition [116].

Phase transfer agent system

MacKenzie [105] did optimize the oxidation of internal olefins. However, in his studies he
noticed that by adding small amounts (1-3 mol %) of the intermediate product of the reaction
(DHSA), the kinetics of the reaction were improved. Following this studies, Edmund Pultinas et al.
[107] found also that the fastestrates were obtained with pre-conditioning (H202 and catalyst) and
with hydroxyl intermediate present at the beginning of the reaction, confirming that the hydroxyl
intermediate could be acting as a phase transfer agent.

The function of hydroxyl species in accelerating the reactions could be also that of a surfactant, or
a complexing agentfor the polyperoxy acid acting as a phase transfer catalyst (PTC) allowing higher

surface contact between the aqueous phase (H202 + catalyst) and the organic phase (internal olefin).

Onium salts

According to Bortolini [117], in the presence of hydrogen peroxide, tungstic acids are
transformed in the corresponding peroxo-derivatives. In a protic medium, these derivatives are
partially dissociated according to the acid-base equilibrium. Neutral and anionic species have
different oxidizing characteristics. The former is suitable for oxidizing systems rich in electrons, such
as the olefins, transforming them into epoxides and into the hydrolysis product thereof: vicinal diols.

The company Continental Oil [118,119] claimed for the first time the application of a

quaternary salts in an heterogeneous system.




The Italian company Montedison S.p.A [120-122], through extensive studies made by
Venturello et al. [115,123,124], claims a new method based on a system where the catalytic specie
is an onium salt of hetero-pertungstic acid prepared ex-situ (Figure 1-16) and confirmed by X-Ray

crystallography.

Qz{X0a[W(0)(02)2]a}

Figure 1-16. CatalystI: X represents P or As atoms, n=0, 1 or 2. Q — represents the cation of a quaternaryonium salt
with the formula n(CsH17)sNCHs*. This structure shows 2 peroxospecies pertungsten atom.

The reaction is conducted in a biphasic system aqueous/organic in which, the organic phase
is constituted by the catalyst | and the olefin and the aqueous phase is comprised of H,0, and water.

Given the lipophilic character of the catalyst and its epoxidizing ability, the epoxidation of
the alkene is regarded as the initial stage of the reaction (epoxidation, Scheme 1-4). By this, the
reaction is believed to involve the formation of a B-hydroxyperoxide alcohol intermediate (12 and
13) upon acid hydrolysis (Scheme 1-4 ) of the epoxide formed from the olefin oxidation, at the
opposite to the a,B-diol formation shown in Scheme 1-3.

This B-hydroxyperoxide alcohol is then oxidized to a-hydroxy ketone (a-ketol) (14, 15) which
undergoes through C-C bond fission by hydrogen peroxide, leading to the mono and di-acids. This
pathway is denominated as “perhydrolytic’’ (path 2) instead of hydrolytic pathway (path 1) due to
the increase of stability of epoxide with increase of the carbon number. However, path 1 can also
explain the appearance of shorter carboxylic acids obtained in the end of the reaction. This can be
due to an over-oxidation of the first products of the oxidative cleavage, the aldehydes 8 and 9. Once
the heteropolymetalate catalyst is put in contact with water in the biphasic system, enough acidity
is generated (by phosphotungstic moieties).

Nevertheless, this catalyst (Figure 1-16) is important to the epoxide opening by hydrogen
peroxide/water, mainly as a Bronsted acid, through the acidic species coming from its partial
hydrolytic degradation. Venturello et al. alleged that the major route for the two phases oxidation

passes through a perhydrolytic pathway, path 2 (Scheme 1-4.).
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Scheme 1-4. Proposed mechanismaccording to Venturello et al. studies [125].

Godard et al., based on these studies proposed later a non-stereospecific oxidative cleavage
process with the formation of an in-situ catalytic species composed of a peroxo-tungsten complex
Q3{PO2[WO(032)2]4} as a phase transfer catalyst (PTC) and a co-oxidant in solvent-free conditions.
Due to its lipophilic nature, the pyridinium ion can efficiently transfer the peroxo anion, from
aqueous phase to the organic phase.

The stoichiometry of the oxidative cleavage requires 4 molar equivalents of hydrogen
peroxide, to achieve carboxylic acids, whereas oleicacid generates only 1 molar equivalent of azelaic
acid. DSM [126] and Arkema [23] proposed that the production of azelaic acid can be higher if the
starting material is 9-octadecenedioic acid, i.e. a symmetric unsaturated diacid (orderivative), since
this generates 2 molar equivalents of azelaic acid for the same amount of hydrogen peroxide, and
no side products; thereby contributing to the reduction of the production cost.

In 1993, Novaol patented a method of oxidative cleavage, using a solely ionic phase transfer
agent Dimethyldioctadecylammonium chloride ( Arquad 2HT ) [113] in an organic solvent-free
conditions. The reaction is performed between 100-104°C for 6h and the yields obtained for
pelargonic and monomethyl azelate from methyl oleate are 80 mol % and 77 mol % respectively.

The coproducts are not disclosed.

Reaction conditions

pH




Ring opening of epoxy-alkanes fails when carried out in the presence of neutral aqueous
hydrogen peroxide only [125].

The pH meter readings in agueous solution of hydrogen peroxide are lower than the real pH
and the difference increases with the increasing addition of H,0,. Such behaviour has been linked,
by thermodynamic calculations, to the difference in the free energy of solvation of the proton in
water andin pure H202 (about9 kcal/mole), proton is more firmly bounded to the water. Due to the
interaction with H202 molecules, the apparent acidity of water is increased. The extension of such
phenomenon varies with the concentration of H,0; in the aqueous medium [128].

The efficiency of the oxidation is depending on the pH of the reaction. The best results were
obtained at pH=3 [124,129,130]. In the Beg and Ahmad [102] kinetic studies with tungsten salt, it
was shown that in acid medium an oxyanion is formed as:

WO + Ht —HWOo,
HWO, + H* =——H,W0,

It was proved that the [HWO4] is maximum at pH = 4.7 but decreases rapidly thereafter. The
results of their work demonstrated an intramolecular, concerted mechanism. Despite the lower
acidity of the medium, salts of tungstic acid (e.g. Na;WOa) intensify epoxidation due to their high
stability in water. In this mechanism the electrophilic attack on olefin double bond happens by
intramolecular hydrogen bond and the presence of a partial positive charge at peroxide oxygen

atom (Scheme 1-5).

Scheme 1-5. Epoxidation of C=C bond mechanism.

Purification methodology

In Emery’s process to isolate the desired mono and di-carboxylic acid, after the ozonolysis
reaction, the solution is distilled to provide a first distillate comprising C2 to C22 carboxylic acids. The
residue is distilled again to isolate the dicarboxylic acids. To separate the azelaic acid from the
impurity acids, liquid-liquid extraction is applied: hot water (between 79-110°C) and a water-
immiscible organic aliphatic solvent (like pentane, octane, cyclohexane, etc.) are used. The impurity
acids (by-products) that are not soluble in water and remain in the organic phase and are decanted.

Azelaic acid as well shorter carbon chains (Csand Cg) diacids acids move to the aqueous phase, while




the organic phase retains the monocarboxylic by-products from Co to Cz2. To separate lower chain
diacids acids (Cs to Cg) from the longer chain diacids acids (Ce or more) crystallization is applied
lowering the temperature of the water with different cooling stages from 60 °C to 41 °C, followed
by 38 °C and finally 18 °C. The shorter chain di-acids are retained in the mother liquid and removed
by filtration. The crystalized azelaic acid-rich stream is then melted and transferred to a distillation
unit to separate azelaic acid from higher length diacids. The purified azelaic acid is converted into
flakes by cooling below its melting point and then stored [131].

The Novamont process (see Figure 1-17) differs from the one patented by Emery
Oleochemicals. Afterthe reaction, the organic phase contains saturated mono acids and derivatives
of saturated carboxylic acids with more than one acid function (diacids) or diacid esters, as well as
derivatives of fatty acids present in the starting mixture such as methyl linoleate, methyl stearate
and methyl palmitate, and the a,B-diol. The oily phase was dried and degassed and transferredto a
distillation column allowing separation of monocarboxylic acid containing the lighter
monocarboxylic acids (pelargonic and octanoic acid as main components) from the monomethyl
azelate, methyl palmitate, methyl stearate and esters of methyl dihydroxy stearate that were
withdrawn from the bottom of the distillation column. This organic phase was then continuously
fed to an emulsifier. The emulsion was hydrolysed by feedingit to three consecutive columns filled
with acidic ion exchange resin and heated at 100°C for 6h. 4.3 kg of azelaic acid were recovered

from 8.5 kg carboxylic acids obtained in the bottom of column (Figure 1-17).

By/Co-products formation

9,10-dihydroxysteraric acid (DHSA)

As described above, the addition of the diol intermediate in small quantities, atthe beginning
of the reaction, can be a way to accelerate the oxidative cleavage of unsaturated fatty acids.
Nevertheless, this method can lead to more by-products formation such as esters and acetals [103].
Some studies describe that from the start of the reaction, a certain amount of cleavage products is
already produced. In the acid medium, the diol intermediate called by Catia Bastioli et al. [132] as
the “reaction foot”, can react with the acids (oraldehydes as observedin our case), already formed,
producing esters (or acetals) species.

In its extensive studies [115,120,122,123,125], Venturello et al. found a small amount of
products with one carbon less than expected (2-5 wt. %). They state that this arises from the

cleavage of a-hydroxy aldehyde formed by C-Hbond fission of less reactive primary alcohol function




of the starting diol. There have been speculations that these shorteracids could have been produced
by isomerization (shift) of the C=C bond in oleic acid, and then cleavage. However, that should lead
also to longer chains of the co-products. Since only shorter chains are observed the isomerization
hypothesis can be ruled out. Ozonolysis of the starting materials, done in Arkema, also confirmed
that the isomerization hypothesis was not relevant. Instead, chain reduction of the cleavage
products and intermediates are more probable.

Isomerization

Another hypothesis of by-products origin is the shift of C=C double bond from the 9-10
position to the position 10-11 for example. However, it should be disregarded as in case of oleic
acid, although octanoic acid is obtained, sebacic acid (DC10) was never described in the lite rature

nor observedin our experiments.




Shorter chain products — decarboxylation

In processes where no phase transfer catalyst was added, same products with one carbon
less [23,127] where quantified at the end of the process. Similarly in a two-step system, W/H20;
followed by Co/03, shorter products have been quantified [79,80,132]. The mechanism must then
involve a decarboxylation of either the shorter acid/diacid or of the intermediate aldehyde

compounds.

Industrial application

To our knowledge, the Italian joint-venture between Versalis and Novamont, Matrica, is the
only company to operate the oxidative cleavage of vegetable oils with H.0. producing bio
monomers and other products with a plant of 35,000 tons oil/year capacity.

Process Flow-sheet
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methyl dihydroxy
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Figure 1-17. Representation of our interpretation about the continuous oxidative cleavage process described in
Novamont patents [80,132].

The continuous process and most of the batch academic literature have very different process

conditions. In the continuous process, using a stirred tank reactor for the first step reaction, the

composition of the reaction medium is equivalent to the composition that comes out of the reactor.




It meansthat the synthesisis done in a streamrich in diol, while most of the batch reactions studied
so far correspond to conditions where the stream is rich in oleic acid/ester at the beginning of the
cycle. The same applies to the second stage reaction, where in a continuous mode, with a loop
reactor, the composition of the reaction medium is mostly constituted of the cleavage products
(pelargonic acid and azelaic acid/ester) in which a minute amount of diol is continuously fed.
However, in batch experiment, the reaction starts in a diol rich stream which must dissolve oxygen
(orhydrogen peroxide) in orderto initiate the cleavage reactions. The difference in reaction medium
affects not only the solubility of the oxidants, but also the viscosity, boiling points and many other
physic-chemical properties and can favor the formation of side products like the heavy esters of the

diol.

Catalyst Recovery

The industrial oxidative cleavage is a continuous process in two consecutive phases. The first
stage is the hydroxylation of the monoenoic double bond of oleic acid ester to yield the a,B-diol
intermediate, and the subsequent stage the oxidative cleavage of the vicinal diols, obtaining at the
end of the reaction a mixture of carboxylic acids. In the first stage a tungsten catalyst is applied while
in the oxidation stage a cobalt acetate is used.

The tungsten catalyst is only recovered at the end of the oxidative cleavage stage.

At the end of the reactions the aqueous phase is separated from the organic phase and passed
through a cation-exchange resin, fed by gravity, to retain the cobalt ions and to recover tungstic
acid, in a concentration of 8000 ppm (kg/mL), and recycled to the first reaction step. The cobalt ions
(Co?*) are desorbed from the ion-exchange column and recovered, with a concentration of 9830
ppm (kg/mL) and recycled to the second stage of reaction.

Such a process was developed by the bio-diesel company Novaol [134] and optimized by the

bioplastic company Novamont [135].




1.5 Conclusion and perspectives

The search for a new bio-based raw material represents nowadays the biggest economic
impact to different industrial sectors. Materials from renewable resources are being proved to be
able to fulfil the chemical industry needs at lower costs.

Currently, plant oils represent an important role to produce these specialty materials. Apart
from the renewability aspect, this feedstock has an enormous synthetic potential. The fatty acids
constituents of oils have physical and chemical properties that allow the formation of suitable
monomers for different applications. Among these fatty acids, the double bond present in the
Monounsaturated Fatty Acids (MUFAs) make them the ideal starting material to produce specialty
polyamides. These specialty monomers can be obtained by oxidative cleavage of the C=C bond
presentin the MFAs.

The existence of by/co-products suggest the co-existence of different by-side reactions such
as decarboxylation (shorter carbon chain) but also acetalization and esterification (high molecular
weight products), related to the starting material impurities and to the presence of a, B-diol
intermediate in the reaction media. The high industrial interest demands for an economic risk
assessment to evaluate the economic impact of the process and the influence of the starting
material purity.

On chapter 2 it is described an economic risk assessment of an active industrial process for
the production of high value monomers obtained through oxidative cleavage which shows the
impact on the oil choice on the by-products formation and operational cost. The relevant process
economic impact stimulates the research in this field in the search of new technologies. Among
them, acoustic cavitation appears as an interesting emerging technology [53-55,136]. In the last
decades, ultrasound technology has been showing its potential in a variety of catalytic processes. It
has been proved that mass transfer, across the phase boundary of multiphasic system, is
substantially enhanced through acoustic emulsification. In this sense on chapter 3, the aim of our
work was to exploit sonochemical methods to overcome mass transfer and time-consuming of
conventional oxidative cleavage reaction in functionalized MUFAs, particularly in oleonitrile to
afford nitrile monomers, percursors of aminoacids monomers of PA9. Finally, on chapter 4, we
studied the hydrogenation of a monounsaturated nitrile ester to afford amino-esters also
monomers of PA9. The catalyst deactivation was studied and new reactivation methods, including

ultrasonic treatment where proposed.
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2.1 Introduction

The discovery of petroleum in the 19th century had a tremendous impact on our society. It
has become the main source of energy and raw materials for the industry. Nevertheless, itis a non-
renewable material, its use has a negative effecton climate change and its decline will have a great
impact on our way of living.

As a result, the interest in sources that could substitute fossil carbon/petroleum has increased.

Nonetheless, this decision cannot be made in a short period of time considering that
manufacturing plants are planned to run for years and the adoption of new products can take more
than 20 years [1].

Unlike petroleum, vegetable oils are renewable and their use in the che mical industry is not
a novel topic. Vegetable oils can be subdivided in edible and non-edible oils. Non-edible oils have
fatty acid profiles that can be useful for industrial applications. Linseed [2] and castor oils [1] are
grown because of their unique chemical properties, important for the chemical industry [3]. They
have been used for non-edible purposes like paints [4], plastics agrochemicals [5] and as lubricants
[6]. The popularity of renewable fuels has resultedin a significant investment of public and private
capital for the development of non-edible alternative crops.

Industrial vegetable oils have gained also interest in the polymer industry due to their
attractive fatty acid composition used as renewable building blocks precursors. Arkema (Colombes,
France) has 4 production plant-based factories distributed in France (2 factories), the United States
(1 factory) and China (1 factory). Several of these compounds are already being used as raw
materials to produce more complex end products in commercial applications. The company is well
known for the production of 11-aminoundecanoic acid, from the oil of castor bean, for the specialty
polyamides (PA) production of Rilsan®, Pebax® and Rnew® polymer ranges. Arkema is also a world-
leading supplier of sebacic acid (DC10) and the derivative diamine (DA10) renewable monomers of
PA6,10 (Rilsan® S) and PA 10,10 (Rilsan® T).

The increase in the demand of renewable monomers production requires effective
production processes. Among the industrial processes to obtain renewable monomers, the
oxidative cleavage of unsaturated fatty acids has been considered as a greener alternative to
achieve these renewable monomers. Valuable difunctional monomers such as azelaic acid are being

already produced by this process by Emery, Croda Sipo and more recently Matrica S.p.A. [7]. Other




renewable monomers have been under investigations lately, such as the production of
dodecanedioic acid (DDDA, or DC12) by Verdezyne, through fermentation of Lauric acid ester, but
the company has not been able to complete its demonstration plant. Recently, Evonik
communicated on the production of Amino Dodecanoic acid ester also through fermentation of
Lauric acid ester, but the product does not seem to be on the market yet.

Regardless of the high interest in renewable products, an economic risk assessment is
necessary to evaluate each project, to identify the impact of the vegetable oil choice and to identify

the impact of the technology.

2.2 Materials and methods

2.2.1 Net present Value (NPV)

The decision to make an investment relies on the profitability of the project. There are
several methodologies to evaluate projects and select the one which generates the biggest
economic benefit, which helps management to decide which project receives funding. These types
of methodologies can also be used as filters in the early stages of a project. These methodologies
can be payout period plus interest (POP), Net Present Value (NPV) and discounted cash flow
(DCFROR), between others [8,9].

One of the most used methodologies is the NPV or sometimes called the net present worth
(NPW) [8].The NPV is the sum of the yearly cash flow in presentvalue terms and it can be described

with the Equation 2-1.

Equation 2-1. Net Present Value (NPV). t: year, n: number of years that the projectis operational, i: discount rate and

OCF: annual cash flow.

If the NPV is higher than 0 it means that the project generatesa return rate higher than the
discount rate [8].

The discount rate might be defined based on specific targets and/or the interest for
borrowing money. For instance, a discount rate equal to the interest of borrowing money would be

required to generate a positive NPV to make a profit.




Additionally, the NPV can be used to compare two or more projects and the project with the
highest NPV would generate the highest return rate (if all projects use the same discount rate).

The annual operational cash flow can be determined with Equation 2-2.

OCF=ANP+D

Equation 2-2. Annual operationalcash flow. ANP: Annual Net Profit and D: depreciation.

The ANP can be determined with Equation 2-3 and Equation 2-4.

ANP=AP*(1-TR) if AP>0
Equation 2-3. Annual Net profit calculationif the annual profitis positive. AP: Annual Profit, TR: tax rate.
ANP=AP*1 if AP<O
Equation 2-4. Annual Net profit calculationif the annual profitis negative. AP: Annual Profit, TR: tax rate.
AP=Sales-Expenses-D

Equation 2-5. Sales: annual sales generated from the sales of the products, Expenses: annualexpenses of the plant.

In the present case study, the following items were considered as expenses:

e (Catalysts

e Labour costs

e Utilities

e Maintenance and repairs
e Operating supplies

e Property taxes

e Financing interest

e Insurance

e Rent

e Royalties

e Distribution and selling

e Research and development

e Monte Carlo Simulation

Typically, economic considerations are done using a deterministic approach. This type of

approach consists of input and output variables which are constant in time. In other words, once




the variables and their values have been fixed, the result or outcome will remain constant. This type
of analysis is simple and a good starting point for any analysis, but it deviates from reality by not
considering uncertainty and fluctuations over time. In addition, the set of data selected can severely
affect the result while not representing the reality or a high probability of occurrence.

Certain methods exist in order to evaluate the impact of uncertainty, such as sensitivity
analysis. This type of analysis measures the impact of uncertainty, but it does not define the
probability of happening.

Monte-Carlo method, onthe otherhand, is a stochastic method (non-deterministic). On this
method, the variable inputs come from probabilistic distributions instead of single or fixed values.
This approach leads to output variables with its own probabilistic distributions and allows to

evaluate the probability of certain results as can be seenin Figure 2-1.

Nondeterministic

Deterministic
—_—
—

Figure 2-1. Comparison of a deterministic and non-deterministicapproach for data analysis.

The Monte Carlo method consists of simple steps:
- Definition of the probabilistic distribution of the variables.
- Generation of the correlation between variables to shorten distribution of output variables.
- Generation of a series of values based on the probabilistic distribution.

- Generation of the deterministic output for each of the series of values generated.



- Analysis of all of the deterministic values.

- Chemical Process (Supplementary data S 1.1).

2.2.2 Industrial process / Benchmark

The industrial production of bi-functional monomers such as azelaic acid through ozonolysis
is accomplished since the beginning of XX* century by the oleochemical company Emery
Oleochemicals with a plant in the USA [10]and Croda Sipo [11] with a plant in China. More recently
P2 Science [12] has invested also in the production of the monomer azelaic acid through ozone
application. However, this process presents some disadvantages such as high energy and
technologic demand to produce ozone and some potential risks associated with ozone utilization.

The application of hydrogen peroxide as the oxidant of this reaction has beenindustrialized
by the Italian company Matrica S.p.A (joint venture between ENI and Novamont S.p.A). Matrica
S.p.Ainvested in a processing facility in Porto Torres [13]. The investment was divided into three
phases and during phase 1, a plant capable of producing azelaic and pelargonic acid was installed.
The maximum capacity of the plant has been statedto be between 32,000 - 40,000 tons by different
sources. The products include azelaic acid, carboxylic acids for esterification and for the market,
glycerol and other secondary products with high boiling points. Based on the publicly released

information by Matrica the general mass balance of the plant can be seen in Figure 2-2.

o o
14 000 >® HOMOH Azelaic acid
o]
10 300 >®
HOJLH; Pelargonic acid

30 000 Reaction Process

1.968
®

Glycerol @
Palmitic and stearic acid
Light acids ®

Heavy acids

Figure 2-2. General mass balance described in the integrated environmental authorization from the plant installed at
Porto Torres [14] E- exit.

The reported process used high oleic acid sunflower, although Novamont and Matrica
communicate a lot on the use of Cardoon oil. Nevertheless, othersources of vegetable oils could be

used but differentend products and byproducts are to be expected.




The industrial process patented by NovamontS.p.A. [15] has already been described before
and it is used as the basis for the case study (Chapter 1). The process described in the patents of

Novamont S.p.A has been adapted to close the mass balance and can be observedin Figure 2-3.
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Figure 2-3. The chemical process for the production of azelaic and pelargonic acid from vegetable oils — Although diol

estersare produced in the process, in order to simplify the analysis they have been omitted in the mass balance, which

would mean thatthey are recycled in the process at the step 3.

The process covers 4 main steps. In step 1, the transesterification of the triglycerides with
methanol and an inorganic base occurs to obtain the fatty acids methyl esters (FAME) and glycerol.
Crude glycerol is extracted from the reaction medium. Step 2, dihydroxylation, comprises the
oxidation of the double bond with H20, and tungsten catalyst into the formation of methyl
dihydroxy-stearate intermediates. Step 3 involves the C-C oxidative cleavage of the intermediate
formed in step 2. The reaction proceeds under 20 bars of industrial air (containing about 21 %
oxygen) — this pressure is referred as Pmax later in the study. Finally, step 4 constitutes the
purification process. After oxidative cleavage, the organic phase contains mono and dicarboxylic
acids and the derivatives of the fatty acids present initially in step 2 such as methyl stearate,
palmitate and still the remaining diol intermediate. The pelargonic acid (C9) and the lighter
monocarboxylic acids (C6-C8) can be recovered with a distillation column. The monomethylazelate,

methyl palmitate, methyl stearate and the esters of methyl dihydroxy-stearate recovered from the



bottom of the distillation column are continuously feed into a reactor with an emulsifier and then
hydrolysed into three consecutive columns filled with acid ion exchange resin. The azelaic acid is
separated by crystallization from the heavier saturated fatty acids palmitic and stearic [7]. Products
obtained with one carbon less such as acid C8 (octanoic acid) and dicarboxylic acid DC8 (suberic
acid) are the result of the decarboxylation of pelargonic acid and azelaic acid, a side -reaction (loss

of selectivity) of the process.

2.2.3 Raw materials
2.2.3.1 Vegetable oils

Vegetable oils are the main raw material and they representthe major expense. Vegetable
oils are triglycerides Figure 2-4. Where R1, R2, and R3 represent three different or identical fatty

acids.

H,C—OCOR;
I

HC—OCOR,

H2C_OCOR3

Figure 2-4. Structure of atriglyceride. R1, R2, R3 — un/saturatedfatty acids constitution.

The composition of the fatty acids depends on the type of oil as described in the

introduction. At the same time, each fatty acid can lead to differentrenewable products.

2.2.3.2 Others

Other raw materials in the analysis include hydrogen peroxide which is used for the
dihydroxylation reaction. Methanol, which is used in the transesterification process, is recovered at
the end of the process through the hydrolysis of the methyl esters. Tungstic acid and cobalt acetate
are the catalysts usedto carry out the oxidative scission of fatty acids and to a lower extentsodium

hydroxide and sulfuric acid are used in the transesterification process.

2.2.3.3 Oxidative cleavage / Main reaction

These renewable products can be obtained through different reactions depending on the
chemical structure of the vegetable oils. The total number of carbons, the presence of double bonds,
ester linkages or hydroxyl groups in the chemical structure will determine the type of reaction and

the type of products that can be produced.




Furthermore, vegetable oils do not contain only one fatty acid but several of them. These different
compounds lead to several coproducts and byproducts during the reaction, which added to
reactions yields lower than 100%, demands several separation and isolation steps to obtain products
with high purity needed forcommercial and industrial applications such as polymers.

The main reaction which is considered in this case study is the oxidative cleavage of
unsaturated fatty acids. Oxidative scission of the double bonds presentin the fatty acids can be
accomplished using ozone as an oxidant (ozonolysis) or through the use of hydrogen peroxide and
a tungsten-based catalyst. The expected products without considering side reactions are shown in
Table 2-1.

Saturated fatty acids are not expected to react during the process such as palmitic acid

(C16:0) and stearic acid (C18:0), therefore they are recovered at the end of the process.

a o 8 —_— ]
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Oleic acid C18:1n-9 1 1 0 0 0 0 0 0 0
Linoleic acid C18:2n-9,12 1 0 0 0 0 0 1 1 0
alpha-Linolenicacid C18:3n-9,12,15 1 0 0 0 0 0 0 2 1
Palmitoleic acid Cle:1 1 0 0 0 0 1 0 0 0
Palmitic acid C16:0 0 0 1 0 0 0 0 0 0
Stearic acid C18:0 0 0 0 1 0 0 0 0 0
Otherssaturated C20:0/C22:0 0 0 0 0 1 0 0 0 0

Table 2-1. Number of moles of products/ building blocksobtained from the oxidative cleavage per mole of fatty acid.

As we can observe in Table 2-1 the production of azelaic acid and pelargonic acid is highly dependent
on the oil composition. The larger the content of C18:2 and C18:3, the lower the production of
pelargonic acid. Higher content of C16:0, C18:0 or other high molecular weight saturated fatty acids,
reflects lower production of pelargonic acid and azelaic acid as there are no double bonds to oxidize.
The production of these high-value monomers relies on the selection of the most appropriate

vegetable oil.



2.2.4 Products

Azelaic acid and Pelargonic acid have the highest market price and are therefore considered as the

main products of the process.

2.2.4.1 Azelaic acid

One of the main products of this case study is azelaic acid (DC9). DC9 is a linear saturated
dicarboxylic acid with 9 carbons and the following formula HOOC(CH2)7COOH. This bi-functional
monomeris a biobased product and it is highly appreciated for its physicochemical properties in the
cosmetic and pharmaceuticals [16], electronics [17], lubricants, plasticizers and in the polymer
industry to form the Nylon-6,9 [18]. Azelaic acid can be obtained by the oxidative cleavage of oleic
acid, linoleic acid, and a-linoleic acid along with different by-products depending on the number of
unsaturation of the fatty acid precursor.

In some cases, raw materials can be replaced by cheapersources, which indirectly correlates
the market prices of raw materials through competition and it can be used to predict the future
prices of the raw materials. Nevertheless, in some cases, the substitution of raw materials can be
performed in limited cases due to physicochemical properties, which is the case of sebacic acid
(DC10).

Sebacic acid (DC10) is a dicarboxylic acid, HOOC(CH;)sCOOH, with a strong presence in
several industries. This renewable monomeris produced industrially from ricinoleic acid, obtained
from castor seeds, and besides its similar structure to azelaic acid, it has different physicochemical
properties, which makes azelaic acid more convenient in certain applications like lubricants as a
result of a lower melting point as seenin Table 2-2. Asit is possible to observe, there is a periodicity
in melting points for the different dicarboxylic acids. This periodicity leads to DC7, DC9 and DC11
having a similar melting point compared to DC8 and DC10 which have much higher melting points.
Recently the price of sebacic acid has been increasing due to Asian political-economic constraints
related to the closure of several plants during winter times given past preference to coal burn for
energy production, contributing so to air pollution [19]. As a result, the sebacic acid supply became
tight and the price increased to around 5,000 S$/ton. The same constraint does not apply to azelaic
acid, which is produced in China but also in the US, while most of the sebacic acid worldwide is
produced in China (with some production in India and recently in Oman).

Azelaic acid, although less pure than sebacic acid, has a market at a higher price today, but
also a much lower market share. Sebacic acid world production might reach 100 kt/year by 2024

and the market size was above 300m USD in 2016 [19]. On the other hand, azelaic acid had a market




size of 94m USD in 2017 and expectedto reach 140m by 2025 (“Global Azelaic Acid Market Growth
Opportunity,” 2019). It is reasonable to think that in the past also there was a price differential and
that azelaic niche markets allowed it to survive even when sebacic acid was cheaper.

Sebacic acid is correlated to the price of castor oil. But azelaic acid should depend for
example on animal fat, vegetable oils (US source) or palm oil (Asian source). However, its market
value is so high that it decorrelates from the oil source. Castor has been historically about twice the

price of palm oil, so indirectly there is a kind of correlation between azelaic acid and castor oil.

Dicarboxylic Numberof Melting point molecular Density

acid carbons (°C) weight (g/mol) (g/mL)
Pimelic acid (DC7) 7 106 160.17 1.28
Suberic acid (DC8) 8 144.0 174.20 1.27
Azelaicacid (DC9) 9 106.5 188.22 1.225
Sebacic acid (DC10) 10 130.8 202.25 1.208
Undecanedioic acid (DC11) 11 108-110 216.28 0.89

Table 2-2. Physical properties of some dicarboxylicacids(Haynes, 2015).

2.2.4.2 Pelargonicacid

Pelargonic, a carboxylic acid with 9 carbons and chemical formula HOOC(CH;);CHs, is the
second main product of this case study. This monofunctional carboxylic acid can be obtained by the
oxidative cleavage of oleic acid, gondoic acid and erucic acid along different byproducts depending
on the precursor unsaturated fatty acid used. In 1995 the Mycogen Corporation introduced
pelargonic acid in the pesticides market with the brand name Scythe® and since then has being used
as a natural herbicide [20]. Alike azelaic acid, the replacement of pelargonic acid depends on the

physicochemical properties of the acids as seenin Table 2-3.




Number Molecular .
Melting Boiling Density

Monocarboxylic acid cargins point (°C) Point (°C) (\:;:rlﬁz:lt) (/e
Enanthic acid (C7) 7 -7.5 223 130.19 0.92
Caprylicacid (C8) 8 16.3 239 144.21 0.91

Pelargonic acid (C9) 9 12.3 254.5 158.24 0.91
Capricacid (C10) 10 31.5 268.7 172.27 0.99
Undecanoic acid 11 28.6 280.0 186.30 0.891

(C11)

Table 2-3. Physical properties of some carboxylic acids [21].

2.2.4.3 Others

Other products from the reaction, which have a lower market price include glycerol. Glycerol
market price has dropped since the expansion of biodiesel, where glycerol is a byproduct and the
supply is much greater than the demand. Additionally, long-chain saturated fatty acids would be
produced.

Other products might have a lower number of carbons due to undesired decarboxylation, which

reduces theyield and efficiency of the process (non-selective reaction).

2.2.4.4 Mass balance

Based on the chemical process described in Figure 2-3, the required amount of raw materials
and end-products are determined for the following vegetable oils and are shown in Table 2-4. The
mass balance was based with the nexttwo vegetable oils:

e High oleic sunflower(C18:1 = 85%, C18:2 = 5%, C16:0 = 4%, C18:0 = 6%)
e Palm oil (C18:1 = 40.5%, C18:2 = 10%, C18:3 = 0.2%, C16:0 = 44%, C18:0 = 4%)




High Oleic Sunflower Palm Qil
Oil processing plant processing plant

Vegetable oil 21.8 38.7
. H,0, pure 3.02 3.45
Raw Materials / Tungstic acid 0.089 0.102
catalysts
Cobalt acetate 0.065 0.075
Methanol 0 0
Azelaicacid (DC9) 10.0 10.0
Suberic acid (DC8) 2.31 2.31
Caproicacid (C6) 0.431 1.53
Heptanoic (C7) 0 0
Caprylicacid (C8) 1.81 1.53
Products / Pelargonic acid (C9) 7.94 6.71
byproducts Palmitic acid (C16:0) 0.833 16.3
Stearicacid (C18:0) 1.25 1.48
Arachidic acid (C20:0) 0 0.480
Glycerol 2.27 4.19
Propionic acid (C3), 0.387 1.45

Malonic acid (DC3)
Table 2-4. Mass balance to produce 10000ton of azelaic acid peryear(x 103 ton/year).

The following assumptions were made for the mass balance:

e A concentration of 0.51 mmol of tungstic acid and 0.29 mmol of cobalt acetate was used
according to the numberof C=C bonds (double bonds) in the oil composition.
e Dueto the high solubility of DC3 and C3 in water, it was assumed that they are not recovered

and end up as wastes.
e The oxidative cleavage reaction has an efficiency of 80% for the production of azelaic acid
and pelargonic acid. The side products of this reaction consist of CO», octanoic or caprylic acid
(C8) and octanedioic or suberic acid (DC8). That means we assume that 80 wt % is C9 and the rest
is COz and C8. The decarboxylation reaction is a serious drawback of the process as it makes the
final purification of the products more complex and could impede the valorisation of the diacid
as a high purity monomer. The following assumptions were took in account:

e Other products have a yield of 100%.

e Separation efficiency is 100%.

e Transesterification reaction had a yield of 100%.

e Methanol recovery was assumedto be 100% .



As seenin Table2-4, two plants with a yearly production of 10 kton of azelaic (DC9) and 7-8 kton of
pelargonic acid (C9) peryear are compared. Lower C9 is assumed for the case of Palm Oil due to
different ratio (PuFA/MuFA). It is also seen that the total the plant capacity (vegetable oil to be
processed) which uses high oleic sunflower oil (H.0.5.0) is half of the plant that uses palm oil (22k
ton/year vs 39k ton/year). In other words, due to the composition of fatty acids in high oleic
sunflower oil, less raw material is required to obtain the same amount of the desired products (DC9,

Co).

2.3 Results

2.3.1 Economic analysis

2.3.1.1 Products and raw materials price distributions

The goal in this section is to identify the prices distribution, based on the historical data,
corrected for inflation. The price distribution was fitted with several statistical laws (Normal, Log-
Normal, Gamma and Weibull) and the best fit was identified. The distribution then reflects geo-
climatic or geopolitical parameters that affect the market prices.

Furthermore, it was determined if the past events that affected the prices have the same probability
to occur in the future and to decide if the same laws of distribution should apply, estimate the mean
and the other statistical parameters.

After each distribution was fitted, the future distribution of the prices was estimated based on the
past and our own experience. Both the fitted distribution based on the historical price of two raw
materials and the future distribution are shown in Figure 2-5 and Figure 2-6. The fitted distribution
for the other raw material produced such as H20, and Methanol can be found in Supplementary

Data S.1.2-S.1.6.
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Figure 2-5. Fitted price distribution of raw materials (historical data) taking into consideration inflation [22,23].
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Figure 2-6. Fittedfuture price distribution of raw materials based on historical prices and assuming ranges for the future.



2.3.2 Correlation matrix

In addition, a correlation matrix was prepared and the correlation factor between each of the
parameters was estimated. In other words, the dependency between the prices of each of the variables
(raw materials prices and products) was determined. The main purpose is to sharpen the distribution of
the final output, by restricting the range in which the individual distributions are allowed in the Monte
Carlo Simulation.

The historical data were analysed to determine correlation coefficients betweenthem. A matrix
of correlation coefficients was generated. On a case by case basis, the correlation coefficient was
adjusted to reflect the expected value for the future. The adjusted value took into consideration if the
values which shown some correlation is due to casualty or if there is a true dependence between the
values. For instance, methanol and azelaic acid are two different products for different markets and the
new plant will not have an impact on the price of methanol. On the contrary, if the demand for acid C9
increases, it could be expected that the price of C8 would increase due to a direct substitution in some
applications. When no correlation coefficient was available from historical data, a value was generated
by expertjudgement. Then random values were generated with the assigned distribution laws, and the
data are multiplied by a Cholesky matrix generated from the correlation matrix in order to create
correlations between the data. The generated correlation matrixes can be found in the supplementary

information (Supplementary Data S.1.1).

2.3.3 Capital costs

Capital costs are the expenditures neededto design and build a chemical plant. These expenses
are fixed costs and represent the highest investment before the start-up of the plant. The determination
of capital costs depends on the degree of the project definition. The Association for the Advancement
of Cost Engineering (AACE) categorizes cost estimation in 5 classes with different ranges of accuracies,

as seen in Table 2-5.




Degree of

Class projection Usage methodology accuracy
definition
5 0-2% Conceptual Capacity Low: -20 to—50%
screening factoredor High: +30 — +100%
parametric
models
4 1-15% Study of feasibility Equipment Low: -15 to—30%

factoredor High: +20 — +50%

parametric
models
3 10-40% Budget Semi-detailed  Low:-10to—20%
authorization or unit costs High: +10 - +30%
control

2 30-70% Budget control Detailed unit Low: -5to—15%
costs High: +5 - +20%

1 70 —-100% Construction Detailed unit Low: -3 to—10%
costs High: +3 - +15%

Table 2-5. Cost estimation classification matrix [24].

Several correlations have been proposed in the literature for cost estimations at the early stages
of a project. Some of these correlations were made by Wilson, Taylor, Bridgewater, Klumpar, Petley, and
Lange, between others [24]. These correlations vary on the information required to estimate the total
capital costs and it is possible to achieve Class 5 and Class 4 level of accuracy with these methods.

Due to simplicity and limited information about the plant, the correlation based on the work of Petley
was used in the Monte Carlo simulation, found as one of the bestidentified by Mirela Tsakgari [24]. The
correlation was attained with fuzzy matching using different processes [25]. The original correlation by

Petleyis described in Equation 2-6.

Capital Cost (1988) = 55882(Q 0440486, 0038p ~~—00zp 0341

Equation 2-6. Capital Cost. Q: capacity in tonnes/year, Tmax: maximum temperature of the process in kelvin, Pmax: maximum

pressurein bars, N: number of functional units, Fr: factor forthe material of construction.




The Capital Cost is the total expenses of the processing facilities in US dollars in 1988.

The correlation proposed by Petley is not a grass-root investment but rather only the cost of the
processing facilities is considered. Additionally, the estimation is based on prices from 1988 and the
location of the plant is different than the one assumed here. The correlation was updated to current
prices 2018 by taking consideration of the inflation in 30 years. The inflation factor can be estimated
with the Chemical Engineering Plant Cost Indexes (CEPCI). These factors are dimensional numbers used
to bring up-to-date data from a different period by considering inflation through time. The CEPCI for
1988 was 342.5 andthe CEPCI for2018 is 603.1 [26]. It has been estimated that the total Outside Battery
Limits (OSBL) investment is between 24-50% of the processing facilities [9]. For this case study, it was
assumed that a factor of 40% would be used. Additionally, it was assumed that the plant would be built
in France and the appropriate relocation factor was used.

Bearing in mind the uncertainty of the original equation and the additional factors used, the final
uncertainty of the method is further increased. It has been stated that big projects are usually
underestimated, and under-budgeted and real cost estimations can be represented by a log-normal
distribution [27]. Therefore, in the present analysis, it was assumed that capital investment had log-
normal distribution and the following probabilities were used: P10, P90 values of -20% and +120 %,

which the fitting used gave -26% and +118% respectively.

The following assumptions were taken to estimate the capital cost of the project:
e Number of steps: 15
e Maximum temperature (Tmax): 473.15 K
e Maximum pressure (Pmax): 20 bar of Air, during the oxidative cleavage step
e Desired output: 10,000 ton/year of azelaic acid (total capacity of the plant is dependent
on the oil type as seenin Table 2-5)
e Fm:1.5
e Location Factor: 1.05 (Plant located in France)

Based on the previous information, the initial estimated cost of the processing facilities for the
production plant that process palm oil is equal to 58 million S, which increases up to 81 million $ once
the outside battery limits are considered. Contrary, the estimated cost of a plant that uses high oleic
sunflower oil is equal to 45 million S and 63 million S with the outside battery limits. Additionally, once
taken into consideration the uncertainty of the estimation, the log-normal distribution and the
probabilities used, the average capital investment increases to 83 million $ for the high oleic sunflower

plant and 106 million S for the palm oil plant.



The use of “higher” quality raw material with “better” composition for the production of azelaic acid and
pelargonic acid reduces the total capital investment costs by more than 25% (25 million S). Nevertheless,
it should be also considered that the price of raw materials during the total operation of the plant are
much higher. The annual purchase for both vegetable oils are around 20 million S (average value) in a
period of 10 years these costs would increase up to 200 million $ (10 year operation time and not
considering inflation and price variation overtime) just for the vegetable oil in any case analysed.
Additional assumptions
e The following assumptions were used in the simulation:
e Utility costs would be 10% of the total cost of the raw materials (the detailed energy
demand is unknown at the moment)
e Atotal of 5 operators/shift and 5 shifts per day are needed
e The average labour cost of one operatoris 60,000 S/y, giving a total of 3.6m S/y for the
labour costs (LC). These costs are deterministic.
Additionally, the following costs were determined using factors:
e Operating supervision: 18% of LC
e Laboratory charges: 18% of LC
e Plant overhead:60% of LC
e Administration 20% of LC
The following costs were determined based on the total capital costs (TCC) and are therefore
stochastic values:
e Maintenance and repairs: 2% of TCC
e Operating supplies: 1% of TCC
e Property taxes: 2% of TCC
e Insurance:2% of TCC
The following costs were determined based on the total product sales (TPS):
e Royalties: 3% of TPS
e Distribution and selling: 10% of TPS
e Research and development:5% of TPS
e Waste treatment was not considered in the analysis
e The discount rate was assumed to be 10%

e Tax rate equalto 35%




The initial capital investment would be done in two years and 2/3 of the investment would be
performedin the first year (year 0 in the NPV)
The plant would achieve a 50% capacity in year 3% capacity in year 4% capacity in year 4 and full

capacity in year5.

2.4 Discussion

2.4.1 Monte-Carlo Simulation

A Monte Carlo simulation was performed forboth palm oil and high oleic sunflower oil including
the revenues and expenses previously described. A total of 3,000 iterations were used to simulate the
potential outcomes of the analysis.

The average cumulative cash flow of both vegetable oils is shown in Figure 2-7. The initial
investment of palm oil is 25% higher than the initial investment of high oleic sunflower oil. The main
difference is due to the amount of oil needed to process annually. In other words, in order to achieve
the same yearly throughput of azelaic acid, the plant that processes palm oil must have a capacity twice
bigger compared to a plant that processes high oleic sunflower oil. The same outcome would be
expected if a higher selectivity would be achieved using othertechnologies (smaller capacity) . Therefore,
new processing technologies could reduce the amount of raw materials needed by having a higher
selectivity (lower OPEX) and at the same time reduce the size of the plant (lower CAPEX). This outcome
could be usedfor future research areas, in which the use of non-conventional processes could increase
the economic success of the plant only if the selectivity of the process is increased. Additionally, if two
vegetable oils have identical selectivity, it should not be assumed that the cheapestraw material would
be the best performing. A raw material with a higher price, but also with a better fatty acid profile can
lead to higher profits.

Other areas of technological improvement rely on the number of processing steps. In the
scenario evaluated, it was assumed that a transesterification reaction was needed before performing
the scission of the fatty acids. It would be more convenient from an investment and operational
perspective, if the conversion of fatty acids into esters was not performed and that the reaction would
be carried outdirectly on the oil leading to the removal of several steps reducing though the capital cost.

Furthermore, fewerside-products of low value might be preferable.
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Figure 2-7. Average Cumulative Cash Flow of Monte CarloSimulation.

Lower initial investment also reduces the payback time of the plant. In the case studies, a total
of 7 years would be required to recover the investment using high oleic sunflower oil vs 8 years with
palm oil Figure 2-7. Eventhough on a period higher than 20 years, the cumulative cash flow of the palm
oil might be higher than the high oleic sunflower oil-based. As the future is unpredictable, an investor
takes into account the risks taken initially and so, the shorter the payback time the more convincing is
the investment on such a project. Additionally, the cumulative probability distribution of the NPV for
both vegetable oils was generated, and it is shown in Figure 2-8. There are 90% probabilities of making
a better profit (NPV>0) than the Internal Rate of Return (IRR) with high oleic sunflower oil vs 85% with
palm oil under the current scenarios evaluated.
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Figure 2-8. NPV Cumulative value.




Lastly, a sensitivity analysis was performedto measure the impact of uncertainty in each of the

parameters analysed. The sensitivity analysis is represented with a tornado plot and can be seen in

Figure 2-9. Through the analysis, the lower 5% and highest 95% percentile of each of the values was

evaluated.

The tornado plot Figure 2-9 clearly shows that the most impacting uncertainty variables are the

azelaic acid and pelargonic acid. Moreover, capital costs and vegetable oil had also a major impact on

the uncertainty of NPV. In other words, in order to improve the NPV and probability distribution, the

first focus should be on increasing the production of azelaic acid and pelargonic acid by improving

selectivity. Additionally, the initial capital investment could be reduced by improving efficiency with new

processing technologies and/or using raw materials with a different fatty acid composition. Cost

information in Supplementary Data S.1.3.
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Figure 2-9.Tornado plot for the production of azelaic acid from high oleic sunflower oil and palm oil.



2.5 Conclusions

Two stochastic models were used to assessthe economic feasibility of the production of azelaic
acid and pelargonic acid from vegetable oils. The case study is also used as a tool to focus on research
and development needs and the potential benefits of new technologies (process intensification and
continuous manufacturing).

In the analysis, the composition of high oleic sunflower oil allows to produce almost twice as much
azelaic acid (most valuable product) per ton of vegetable oil. Therefore, by using high oleic sunflower
oil, the initial capital investment is drastically reduced and the probability of generating a profit is
increased, assuming that both plants have the same process selectivity. Based on the present study,
future research should focus on improving the selectivity of the reaction as the first filter to improve
CAPEX and OPEX. The second filter should focus on the selection of the best performing vegetable oils
depending on the fatty acid content to improve the ratio benefitsvs costs. Moreover, the ideal solution
should focus on maximizing the selection of lower quality oils (cheaper oils), but it would be affected by
the formation of a high number of side products of low value. In the cases here exploited, although High
Oleic Sunflower Oil was about 50 % more expensive than Palm Oil, it leads to higher profit. For specialty
chemicals, the fatty acid profile and the value generated by coproducts, has a high impact on the
selection of the right feedstock at the right price.

Other alternatives, to improve the profitability and payback time of the project, could be
retrofitting an old biodiesel plant to reduce the initial capital investment or the purchase of FAMEs, to
avoid the transesterification step and reduce the number of processing steps (5 process units removed)
and likewise the capital investment. Ultrasound technology appears to be an essential key to overcome
the need for high amount of raw materials needed and to overcome mass transfer issues associated to
biphasic system as described in the following chapter. Therefore, in the next chapter we describe the
exploitation of ultrasound application in the oxidative cleavage of monounsaturated compounds to

obtain high value products for the chemical industry.

2.6 References

[1] J.-L.  Dubois, Arkema’s Integrated Plant-Based Factories, Chem. Fuels from Bio-Based Build. Blocks. (2016) 535-548.
doi:10.1002/9783527698202.ch20.

[2] M. Zuk, D. Richter, J. Matuta, J. Szopa, Linseed, the multipurpose plant, Ind. Crops Prod. 75 (2015) 165-177. doi:10.1016/j.indcrop.2015.05.005.

[3] A.E. Atabani, A.S. Silitonga, H.C. Ong, T.M.l. Mahlia, H.H. Masjuki, I.A. Badruddin, H. Fayaz, Non-edible vegetable oils: A critical evaluation of oil

extraction, fatty acid compositions, biodiesel production, characteristics, engine performance and emissions production, Renew. Sustain. Energy Rev. 18

(2013) 211-245. doi:10.1016/j.rser.2012.10.013.




(4]

[5]

(6]
(71

(8]
[9]
[10]

[11]
[12]

[13]
(14]
[15]
[16]
[17]
(18]
(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

Sarbio®, (2019). https://emea.sartomer.com/en/products/sarbio-emea/?_ga=2.245545668.1397572268.1555250356-725160408.1534235200
(accessed April 14, 2019).

EU Pesticides database - European Commission, (2019). http://ec.europa.eu/food/plant/pesticides/eu-pesticides-
database/public/?event=activesubstance.detail&language=EN&selectedID=1634 (accessed April 14, 2019).

N.J. Fox, G.W. Stachowiak, Vegetable oil-based lubricants-A review of oxidation, Tribol. Int. (2007). doi:10.1016/j.triboint.2006.10.001.

A. Soutelo-Maria, J.-L. Dubois, J.-L. Couturier, G. Cravotto, Oxidative Cleavage of Fatty Acid Derivatives for Monomer Synthesis, Catalysts. 8 (2018)
464. doi:10.3390/catal8100464.

D.W. Green, R.H. Perry, Perry’'s Chemical Engineers’ Handbook, Eighth Edition, McGraw-Hill Education, 2007.

M.S. Peters, K.D. Timmerhaus, R.E. West, Plant Design and Economics for Chemical Engineers, Third edition, McGraw-Hill Education, 2003.
Bio-Lubricants | Natural-based Lubricants | Emery Oleochemicals, (2018). https://www.emeryoleo.com/Bio-Lubricants.php (accessed September
14, 2018).

Where We Operate | Croda, (2019). https://www.croda.com/en-gb/about-us/where-we-operate (accessed April 14, 2019).

P. Foley, Y. Yang, Ozonolysis operations for generation of reduced and/or oxidized product streams, US patent 2014/0031584 (A1), 30 January
2014.

Novamont S.p.A. - Chimica Vivente per la Qualita della Vita, (2019). https://www.novamont.com/ (accessed April 14, 2019).

A. Bieser, G. Borsotti, F. Digioia, Continuous process for the production of the carboxilic acids, 2017.

A. Bieser, Borsott, G. |, F. Digioia, A. Ferrari, A. Pirocco, Continuous process of oxidative cleavage of v egetable oils, n.d.

Capchem, (2019). http://www.corum.com.tw/products_more.php?c=2&v=4&d=8 (accessed April 14, 2019).

J. Kawakami, M. Sakakura, Electrolyte For eletrolytic Capacitor, European patent 2 555 213, (B1) 27 December 2017.

Q.A. Acton, Dicarboxylic Acids—Advances in Research and Application: 2013 Edition, ScholarlyEditions, 2013.

Chemical Industry Impacted by Chinese EPA Crackdown - Chemceed, (2019). https://www.chemceed.com/industry-news/chemical-industry -
impacted-chinese-epa-crackdown/ (accessed August 16, 2019).

D.C. Washington, M. Jacob, S. Moore, Scythe Herbicide, 2014. http://www.epa.gov (accessed August 17, 2019).

W.M. Haynes, CRC Handbook of Chemistry and Physics, 96th Edition, CRC Press, 2015.

Palm oil - Monthly Price - Commodity Prices - Price Charts, Data, and News - IndexMundi, (2019).
https://www.indexmundi.com/commaodities/? commodity=palm-oil&months=60 (accessed August 17, 2019).

Sunflower oil - Monthly Price - Commodity Prices - Price Charts, Data, and News - IndexMundi, (2019).
https://www.indexmundi.com/commodities/?commodity=sunflower-0il&months=60 (accessed August 17, 2019).

M. Tsagkari, J.-L. Couturier, A. Kokossis, J.-L. Dubois, Early-Stage Capital Cost Estimation of Biorefinery Processes: A Comparative Study of Heuristic
Techniques., ChemSusChem. 9 (2016) 2284-97. doi:10.1002/cssc.201600309.

G.J. Petley, A method for estimating the capital cost of chemical process plants : fuzzy matching, PhD Thesis, Loughborough University (UK), 1997.
W.M. Vatavuk, Updating the CE plant cost index, Chem. Eng. 109 (2002) 62-70.

J.K. Hollmann, Estimate accuracy: Dealing with reality, https://www.validest.com/index_htm_files/Hollmann_Accuracy.pdf (accessed August17,

2019).



Chapter 3. Ultrasound-assisted oxidative

cleavage of unsaturated fatty compound



3.1 Introduction

The Chapter 2 describes the application of new bio-based raw material to fulfil the chemical
industry needs at lower costs. The fatty acids constituents of oils have physical and chemical
properties that allows the formation of suitable monomers for different applications. Among these
fatty acids, the double bond presentin the Mono Unsaturated Fatty Acids (MUFAs) makesthemthe
ideal starting material for the production of specialty monomers as mentioned in the previous
chapter.

Relevant monomers are Aminoundecanoic acid (A11) and Aminododecanoic acid (A12) the

perfect building blocks to produce specialty polyamides.

3.1.1 Arkema and the Polyamide 11

The polyamide 11 is synthesized from castor oil, an important feedstock deeply demanded
in chemical industry due to the short-term renewability by nature. The fact that ricin oleic acid
represents 90% of oil constitution, make it attractive for the synthesis of high value monomers.

To synthesize the PA 11, methyl ricinoleate is produced from castor oil by methanolysis
(transesterification with methanol), followed by pyrolysis of the methyl ricinoleate at 500°C to
obtain methylundecylenic acid and form heptaldehyde which, find its application in fragrances and
cosmetics. Undecylenic acid is obtained through the hydrolysis of methyl undecylenate. Finally, the
latter is treated with hydrogen bromide (HBr) followed by aqueous ammonia to obtain the 11-w-

aminoundecanoic acid which is used as monomer precursor of PA 11.
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Figure 3-1. Synthesis of Polyamide 11.
In order to reduce the CAPEX of the process, Arkema has proposed two different ways to

synthesize the PA 11 through metathesis (fewer steps) or by oxidative cleavage using H.0; as



oxidant. In the first case an amino-ester monomer is obtained through cross metathesis (see
Chapter 4) and in the second case, an amino-acid monomer is obtained by oxidative cleavage under

solvent-free conditions (Scheme 3-1).

N ﬂ 70 wt % H,0,
_— CN
NC\H)kOH

OMe 1) Zn0,A=150°C cat
2) NHj3, A=300°C
Methyl (11Z)-11-eicosenoate Methyl (11Z)-11-eicosnitrile 10-cyanodecanoic acid

Scheme 3-1.Synthesis ofthe amino-acid monomer forthe PA11 production from oxidative cleavage of Methyl(112)-11-
icosenoate.

In this sense, Arkema (France) selected the unsaturated fatty nitriles as precursors of a new
synthetic route to obtain the polyamide 11 (PA11) and the polyamide 12 (PA12) using H20; in a
solventless multiphasic system[1]. Markush Brandhorst and Jean-Luc Dubois proposed in 2015 the

obtention of amino-acid monomers from ricinoleic acid (Scheme 3-2).

monomer monomer
H ? — — o o
. P ———— NC+|_ M.COOH * NC+) (+COOH I, N
g 77 OH 1) Hydrogenation 9 '’5 4 10 HO" E_.,.gCN * Ho
2) Dehydratation . . .
3) Ammoniation 9-cyanononanoicacid 10-cyanononanoic acid

Scheme 3-2.Obtentionof PA 11and PA 12 monomers from oxidative cleavage of ricin oleic acid [1].

However, the solventless multiphasic system requires a phase transfer agent (emulsifier) to
overcome mass transfer limitations. Also, the formation of undesired by-products and lack of
reaction reproducibility, make the system not suitable for industrial up-scale application. In
addition, the time-consuming reaction (i.e. 24h) requires high temperatures (85-95°C) to cleave the
C-Cbond (347-356 kl/mole, at 398 K) to obtain the desirable monomers.

As discussed in Chapter 2, process intensification can be the key solution to find a fasterand
affordable process to produce these monomers. To overcome the obstacles, imposed by
conventional systems, the ultrasound technology appears to be the ideal solution. In a biphasic
system a continuous phase is produced by ultrasound irradiation, i.e. tiny droplets of one liquid
(dispersed phase) are scattered into the other liquid. When the pressure of amplitude of the applied
sound source reaches a certain minimum (cavitation threshold) cavitation occurs, and when this

minimum is reached, the process of emulsification initiates.



3.1.2 Oleonitrile
Oleonitrile is a monounsaturated fatty nitrile obtained by condensation of oleic acid with
ammonia by the same process as representedin Scheme 3-2. Its most known application is related
to the reduction of the nitrile function to afford oleylamine or stearylamine, highly used as
surfactant or surfactant precursor and more recently applied in the synthesis of nanoparticles. Some
studies have been focus on the application of oleylamine as a capping agent of nanocatalysts applied
in the oxidative cleavage of oleic acid [2]. The synergic effect of surfactant allied to the nanocatalyst
can preventthe aggregation of particles, key-factor for the reduction of the of the catalyst activity.
On the other hand, from oleonitrile is also possible, by oxidative cleavage of the double bond

in C9 and C10, to affordthe precursor aminoacid monomer of PA9, the 8-cyanooctanoic acid.

3.1.2.1 Oleonitrile reaction mechanism

The oxidative cleavage of oleonitrile undergoesthrough severalintermediate steps.

The first step of the reaction is the oxidation of the C=C in C9 and C10 of oleonitrile (1) to
form the epoxide specie (2). The epoxide intermediate is hydrolyzed forming the intermediate diol
(3) with concomitant C-C oxidative cleavage affording the aldehydes (4 and 5) and finally, by

oxidation, the corresponding carboxylic acids (6 and 7 - Scheme 3-3).

O (@] o)
0 HO  OH 0
— H,05 \(\,))L + NC
M0, cN > CN —= H Fpe— + NC
OH
ﬂCN Wobased \M?L\My 7 7 2H0 7 7 T 2H0, % **7)&0'*
1 2 3 4 5 6 7

Scheme 3-3. Oxidative cleavage of oleonitrile.

3.1.3 Ultrasound in oxidative cleavage of unsaturated fatty compounds

Sandrine Rup et al. [3], demonstrated the obtention of 81 mol % azelaic acid and 97 mol %
yield pelargonic acid under ultrasonic radiation (sonotrode 130 W, 20 KHz), in presence of RuOa4
catalyst and a phase transfer agent, Aliquat® 336 in a binary heterogeneous solvent system H,0/
MeCN and NalOs as co-oxidant. In their experiments they highlight the reduction of reaction time
from 3h in conventional stirring to 30 minutes by ultrasonic mixing. They found as well that also in
an organic-free solvent conditions (water) azelaic acid was obtained with 62 mol % yield [4,5].
Likewise, they observed the formation of a di-ketone intermediate specie. The same system was

adapted to other olefin types (Scheme 3-4 and Table 3-1).



Ri 2% RuClg(cat)/ 4.1 eq. NalO4-H,0 Ry
R—ﬁ:c\ R-COOH + ©O=C_
R, Aliquat 336® -0 R>

R=alkyl
R1,R,= H, alkyl
Scheme 3-4. Olefin oxidative cleavage by Ru/NalOs— 2% Aliquat ® 336 in water under sonication [5] .

Reaction Yield
Entry Reactant Product time mol %
1 1-decen Pelargonic acid 30 76
- 6-oxoheptanoic acid 15 74
methylcyclohexene
3 cyclohexene Adipic acid 20 81
5 10-undgcen0|c Sebacic acid 45 85
acid

6 Oleic acid Azelalc.aad- 480 62
Pelargonic acid 98

Table 3-1. Olefin oxidative cleavage yield products by Ru/NalO4 — 2% Aliquat ® 336 in water under sonication [5].

3.1.3.1 Ultrasound and phase transfer catalyst

Some researches support that a combination of phase transfer agent and ultrasound is the
ideal setup for the formation of emulsions and reaction rate improvement. In such cases, the phase
transfer catalyst initiates the reaction by the transfer of species across the interface and by the
ultrasound phenomenon’s such as micro-jets, the surface contact area between the liquid phase
and the aqueous phase is increased [6].

Maw-Ling Wang et Venugopal Rajendran proposed the application of ultrasound to improve
the epoxidation of 1,7-octadiene using 28 kHz and 200 W input power along with phosphotungstic
acid (H3PW12040), hydrogen peroxide and Aliquat 336® (trioctylmethylammonium chloride), in a
liquid-liquid phase transfercatalyst (LLPTC) biphasic system.

The cavitation bubble collapse near the liquid-liquid interface, promoted by ultrasounds,
disrupts the interphase and impels jets of one liquid into the other, forming fine emulsions and
leading to a dramatic increase across the interfacial contact area, where transfer of species can take
place.

In this chapter we discuss the study of oxidative cleavage of mono-unsaturated fatty
compounds in biphasic conditions, with higher focus on the oxidative cleavage of oleonitrile to
afford 8-cyanooctanoic acid, a precursor of PA9. We discuss the application of ultrasound in
different systems (batch and continuous) to reduce the reaction time, the emulsifier (phase transfer

agent) content, increase the selectivity of the reaction and achieve higher monomer quality.



The major reaction concerns never described in literature, are also highlighted, as for, the
importance of the diol intermediate solubility and physical state in the reaction’s progress.

The role of the functional group, in the success of the oxidative cleavage process, is also

emphasized, as well, the decomposition of hydrogen peroxide giving some key answerstothe lower

monomer yields obtained after reaction.

3.2 Materials and Methods

3.2.1 General Data

Chemical Reactants

All commercially available reagents and solvents were used without previous purification.
Oleic acid 90% and 84% were purchase from Merck-Sigma Aldrich and Fluka™. Methyl oleate 98%,
1-decen (99%), 10-undecenoic acid and methyl decanoate (98%) were purchase from Merck-Sigma
Aldrich. Oleonitrile (75%) and the (Z)-octadec-11-ene-1-nitrile (Z)-octadec-11-ene-1-nitrile (86%),
were produced in the R&D laboratories of ArkemaRhéne-Alpes Research Center France (CRRA). The
solvents, methanol and ethyl acetate were purchase from Merck-Sigma Aldrich. Hydrogen peroxide
35 and 70 weight % was produced in the Hydrogen Peroxide plant of Arkema Jarrie (France). Aliquat
336® and the hexadecylpiridinium bromide and chloride were purchase from Merck-Sigma Aldrich

and Alfa Aesar. Permanganate potassium (99%) was purchase from Carlo Erba.

3.2.2 Instrumentation and acquisition parameters

3.2.2.1 Chromatographicanalysis

Gas chromatography was performed using a gas chromatograph 7890B Series GC System
Agilent equipped with a flame ionisation detector and an autosampler. 1 L aliquot of the samples
was injected. The retention gap was attached to a 30 m x 0.250 mm ID column filled with a 0.250
um film thickness HP-5 ms stationary phase. The initial oven temperature was set at 60 °C for 2min
and increased to 280°C °C at a rate of 15 °C/min. The injector and detector temperatureswere set
at 280 °Cand 320 °C, respectively. Helium was used as the carrier gas for the mobile phase at a flow
control from 3.5 mL for 8 minutes and increased to 6.0 mL/min with a rate of 0.25 mL/min/min and
hold time of 22 minutes. The column was backflushed at 320 °C for a total of 4 void volumes after

everyrun to preventthe appearance of ghost peaks from previous runs.



GC/MS analysis were performedin a GC Agilent 6890 (Agilent technologies, Santa Clara, CA,

USA) coupled with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of 0.25

mm and 0.25 pm of film thickness HP-5 5% Phenyl Methyl Siloxane stationary phase. The initial oven

temperature of 60 °C was increased to 165 °C at a rate of 15 °C/min, then to 200 °C at a rate of 4

°C/min until 200°C and finally increased to 300 °C at a rate of 25 °C/min with a hold time of 10
minutes. The injector and detector temperatures were set at 250°C and 280 °C, respectively.

Helium was used as the carrier gas forthe mobile phase with a flow of 1.3 mL/min. The column

was backflushed at 300 °C for a total of 3 void volumes after everyrun to preventthe appearance

of ghost peaks from previous runs.

a) Determination of conversion rate of unsaturated fatty compounds (C urc)

The conversion of the unsaturated fatty compounds (UFCs) and the yield of the oxidative
cleavage products was obtained through the peak areas from the samples analyzed by Gas
Chromatography with flame ionisation detector (GC-FID). The saturated fatty compounds such as
palmitic (C16:0) and stearic (C18:0) compounds do not react in the oxidant system and do not
influence the conversion of the monounsaturated fatty compound. However, stearic compounds
(C18:0) were took in account as internal standard in order to obtain a more accurate quantification.
yu

i
AUFC(C18:1)_ UFC(C18:1)

i f
ASFC(ClS:O) ASFC(ClS:O)

CUFC = Ai x100
UFC(C18:0)

Equation 3-1. Conversion of Unsaturated fatty compound in the oxidative cleavage reaction. A;',FC(CIBJ): peak area of the

. f .
monounsaturated fatty compound in t=0. AUFC(ElB:l): peak area of the monounsaturated fatty compound Cis.1in the end of the

f

reaction. A o). Peak area of saturated fatty compound Cig.0at t=0. 4 . : Peak area of saturated fatty compound Cigp
SFC(C18:0) y P SFC(C18:0) A\ p

at the end of reaction.

b) Oxidative cleavage yield products

The yield of the oxidative cleavage products was calculated from Internal Standard Calibration
methodology which compare the instrument response fromthe target compounds in the sample to
the responses of the reference standards added to the sample extracted before injection. In our
studies we added hexanoic acid as internal standard.

Ajs x mgc
RF = ——
mys X Asc
Equation 3-2. RF: Response factor, A : Peak area of internal standard, m,g : mass of internal standard. mg.: mass of specific
compound of interest and Ag: Peak area of specific compound of interest.



The mass of the products can be obtained from the calibration curve:
_ Agc
Mgec = REFx|——+b X Mg
Ars

Equation 3-3. Quantification of specific compound of interest. mg.: mass of oxidative cleavage product. m;g: mass of internal
standard.

C) Kinetic studies evaluation:

The speciesin the reaction media were quantified according to the relative peak area detected
by GC-FID. The stereonitrile (NC18:0) and the methyl stearate (C18:0) present in the reactants
oleonitrile and oleic acid respectively were assumed as internal standard.

The pentadecanoic acid was used as internal standard in the oxidative cleavage of 1-decen, 1-

decenoic acid and methyl 1-decenoate.

At=n
, . UFC(C18:1)
specie relative peak area =———
ASFC(ClS:O)
Equation 3-4. Relative peak area of specie analysed. Aﬁfé(mg:l): peak area of the monounsaturated fatty compound Cis:1in time

n. AvaC(cw:O): Peak area of saturated fatty compound Cis:o.

3.2.2.2 Nuclear Magnetic Resonance (NMR)

IH-RMN and 13C-RMN spectra were recorded in CDClz or d6-DMSO (Euriso-Top, Saint Aubin,
France) NMRspectra were recorded with a Bruker 300 Avance (300 MHz and 75 MHz for 1H and 13C,
respectively) at 25 °C. Chemical shifts were calibrated to the residual proton and carbon resonances

of the solvent; CDClz (6H = 7.26, 6C =77.16) and DMSO ('H=2.54, 13C=40.45 ppm).

3.2.2.3 Infra-Red Spectroscopy

Infrared spectrum was traced on a spectrophotometer Perkin Elmer modelSpectrum 1000 FT-

IR. The samples were analyzed in NaCl pellets.

3.2.2.4 Viscosity measurements

An Brokfield viscometer ( model DV-IIl + Rheometer V5.0 LV External Control) was used to
measure the viscosity of oleic acid 85% and oleonitrile 78% at 25°C and 60°C. Samples (8 mL) were
injected in a Spindle (SC4-18) and the viscometer automatically calculated the kinematic viscosity

(mPa.s1). All measurements were made in triplicate and the average results are reported.

3.2.2.5 Melting points

The melting points were measured in a Stuart SMP 20 devices.



3.2.3 Ultrasonic devices

3.2.1.2 Ultrasonictank reactor

The ultrasonic tank system consisted in an ultrasonic stainless steel tank (9.3 cm x 28cm x
20cm ), lent by Weber Ultrasonics ™, with two SONOPLATE® devices, connected with two different
ultrasonic generators (MG Multi resonance frequencies in the range 40-120 kHz and one with fix

frequency at 25 kHz) both with a maximum of output power of 200 W.

3.2.1.3 Cup-horn sonoreactor

The ultrasonic cup-horn system was made up of a jacketed stainless-steel reaction cell
(internal diameter x height: 119 x 140 mm) equipped with a piezoelectric ceramic set at the bottom
of the jacketed chemical reactor. The low frequency transducer consisted of a resonance frequency
of 22 kHz and Input power of 200 W (Synaptec, Lewennes, France). Cooling was carried out by water

circulation.

3.2.1.4 Titanium horn sonoreactor

The ultrasonic horn reactor system was constituted by a piezoelectric transducer with
resonance frequency of 20.1 kHz connected with an ultrasonic generator (Nautilus) with an output
powerof 100 W. (In presence of 25 mL deionized waterand sonication time of 15 minutes (by pulse):

Pacoust, vol = 1.05 W/m L_l for Pele =20 W)

3.2.1.5 High speed mixer

The HSM (Magic Lab, by IKA Germany) is modular laboratory system especially designed for
mixing. The system configuration is composed by three rotors with orifice dimensions of 170 mm x
270 mm x 235 mm. The configuration of the system includes a cooling systemto disperse the heat
released, generated by the rotors and the operating unit, and control the operating parameters such

as temperature, rotor speed (14600 rpm) and rotation time (3000-26000 rpm).

3.2.1.6 UltrasonicSystem forflow apparatus

The ultrasonic system was composed by a sonotrode with diameter of 18 mm (T18 HT HP)
constituted by titanium, aluminium and vanadium: TA6V ELl, a piezoelectric transducer with fix
frequency at 25 kHz and an ultrasonic cell (18 mL) jacketed stainless steel (Synetude, Cogni, France).
The piezoelectric transducer, with a resonance frequency of 20 kHz, was cooled down with industrial

air and the ultrasonic cell with water circulation at 25°C. A generator (230 V 50/60 Hz 800W) was



used to supply energy to the low frequency transducer (In presence of 18 mL deionized water and

sonication time of 6 minutes: Pacoust. vol= 0.35 W/mL? for Pele = 6.28 W).

3.2.1.7 Calorimetric measurements

Acoustic Power of ultrasonic tank reactor was determined in deionized water using
calorimetry for 10 minutes irradiation and 5 minutes cooling under silent conditions according to
the procedure described by Margulis [7,8]. The temperature was measured by a Thermocouple

Probe Temperature sensor type K coupled to a digital temperature controller.

3.2.1.8 Hydrogen peroxide quantification

The content of hydrogen peroxide in the reactant’s solution prepared and its decomposition
over the reaction time was quantified by the permanganate potassium titration method. A 100 pL
sample of aqueous solution was diluted in 10 mL of deionized water and 15 mL of 35% w/v H2SOa.
While stirring the aqueous solution was titrated with potassium permanganate (0.05 mol/L) until

achieved a persistent pink coloration. The experiment was replicated 3x under identical conditions.

3.2.2 Oxidative cleavage of mono-unsaturated long-chain compounds

3.2.2.1 Silentconditions

3.2.2.1.1 General procedure for oxidative cleavage of monounsaturated long-chain compounds in
absence of phase transferagent (24h reaction time) solvent-free conditions

a) In-situ catalyst

A 250 cm3 double-jacket reactoris charged with the unsaturated fatty compound (Table 3-2)
and the tungsten-based catalyst (Table 3-3). The reaction media is stirred at 1000 rpm and heated
to 70°C. This temperature was thermostatically controlled by circulation of water. The reactor was
continuously and dropwise feed with hydrogen peroxide 35to 70 wt % (6 eq.), by a peristaltic pump.
After one hour, an air flow rate of 400 mL/min was circulated in the reaction mixture via a Teflon
tube. At the same time, the valve on the "Dean-Stark" was opened in order to collect the water
presentin the reaction mixture obtained due to degradation of H,0.. Hydrogen peroxide was added
dropwise for a total time of 5h and the reaction stopped after 24h. The aqueous phase was
separated from the organic phase. The organic phase was washed with demineralized water several
times until the weight % of H,0, measured was lower than 0.2 wt %. The organic phase was then
concentrated under reduced pressure. The organic phase and remaining products were analyzed

and quantified (internal standard method) by GC-FID.



Substrate mmol g

Oleonitrile (77 %) 293 100.38

Oleic acid (95%) 342 101.2

Table 3-2. Monounsaturated compound reactor loading.

Catalyst mmol g Eq.
H,WO0, 5.84 1.46 2%
H3PW;,0, 5.72 16.48 2%

Table 3-3. W-based catalyst reactor loading. Eq.: mol catalyst/mol monounsaturated fatty compound.
Eq.=mol catalyst/mol monounsaturated compound.

b) Catalyst dissolved in the oxidant mixture

The tungsten-based catalyst (2 eq.%) (Table 3-3) was dissolved in an aqueous solution of 35
to 70 wt % hydrogen peroxide (6 eq.) and stirred at room temperature for 30 minutes (oxidant
solution). The monounsaturated fatty compound was charged in a 250 cm?3 double jacket. The
reaction media was stirred at 1000 rpm and heated to 70°C. This temperature was maintained
thermostatically controlled by circulation of water. The reactor was continuously drop wisely fed
with the oxidant solution, by a peristaltic pump. After one hour, an air flow rate of 400 mL/min was
circulated in the reaction mixture via a Teflon tube. Hydrogen peroxide was added dropwise for a
total time of 6h and the reaction stopped after 24h. The aqueous phase was separated from the
organic phase. The organic phase was washed with demineralized water several times until the
weight % of H.0, measured was lower than 0.2 wt %. The organic phase was then concentrated
under reduced pressure. The organic phase and the remaining products were analysed and
quantified (internal standard method) by GC-FID.

3.2.2.1.2 General procedure for oxidative cleavage of monounsaturated long-chain compounds in
presence of a phase transferagent (24h reaction time)

The tungsten-based catalyst (2 eq. %) (Table 3-3) was dissolved in an aqueous solution of
hydrogen peroxide (6 eq.), stirred at room temperature for 30 minutes (oxidant solution). The
monounsaturated fatty compound (Table 3-4) and the phase transfer agent, were charged in a 250
cm3 double jacket. The reaction was followed with the same protocol applied in 3.2.2.1.1b).
Extraction of the organic phase and compounds quantification and identification were followed as

described in 3.2.2.1.1b).



Substrate mmoles g

Oleonitrile (77 %) 293 100.38
Oleic acid (95%) 342 101.2
Methyl oleate (99%) 334 100.5

(2)-octadec-11-ene-1-nitrile

(Z)-octadec-11-ene-1-nitrile 260 80
(86%)
Decen-1-ene (98%) 18.9 26.5
Methyldecanoate (99%) 377 70.38
10-undecenoic acid (98%) 378 69.92

Table 3-4. Monounsaturated compound reactor loading.

Phase transfer agent mmoles g
Aliquat 336°® 5.6 2.32
C,1H35CIN. xH,0 5.8 1.94
C,1H3gBrN. xH,0 5.7 2.19

Table 3-5. Phase-transfer agenttested in the catalyticsystem.

3.2.2.1.3 General procedure for oxidative cleavage of monounsaturated fatty compounds in presence
ofphase transferagent (5h reaction time)

The phosphotungsticacid (5.72 mmol, 2 eq. %) was dissolved in an aqueous solution of 35
or 70 wt% hydrogen peroxide (6 eq.), stirred at room temperature for 30 minutes (oxidant solution).
The monounsaturated fatty compound (Table 3-6) and the phase transfer agent were charged in a
250 cm?3 double jacket. The reaction media was stirred at 1000 rpm and heated to 60°C. This
temperature was maintained constant and thermostatically controlled by circulation of water. The
reactor was continuously and dropwise feed with the pre-mixed solution of the tungsten-based
catalyst dissolved in hydrogen peroxide by a peristaltic pump for 2h. The aqueous phase was
separated from the organic phase. The organic phase was washed with demineralized water several
times until the weight % of H,02> measured was lower than 0.2 wt %. The organic phase was then
concentrated under reduced pressure. The organic phase and remaining products were analysed

and quantified (internal standard method) by GC-FID.



Substrate mmoles g

(Z)-octadec-9-enenitrile (77 %) 293 100.38
cis-9-octadecenoic acid (95%) 342 101.2
Methyl cis-9-octadecenoate
(99%) 334 100.5
(Z)-octadec-11-ene-1-nitrile
(2)-octadec-11-ene-1-nitrile 260 80
(86%)
Decen-1-ene (98%) 18.9 26.5

Table 3-6. Monounsaturated compound reactor loading.

Phase transfer agent moles g Eq.
Aliquat336°® 5.84 mmoles 1.460 2%
C,1H33BrN.xH,0 5.5 mmoles 1.035 2%

Table 3-7. Phase transfer agent reactor loading. Eq: mol catalyst/mol monounsaturated fatty substrate. Eq.:

mol PTA/mol monounsaturated fatty compound.

3.2.2.1.4 General procedure for oxidative cleavage of monounsaturated long-chain compounds in
organicsolvent without phase transferagent (24h reaction time)

Phosphotungstic acid (3.11 mmol, 2 eq.% ) was dissolved in hydrogen peroxide 35 wt % (6
eg.) and stirred at room temperature for 30 minutes.

The monounsaturated fatty compounds (Table 3-8) and the organic solvent (Table 3-9) were
charged in a 250 cm3 double jacket pyrex reactor. The reaction media was stirred at 1000 rpm and
heated to 60°C. This temperature was maintained constant and thermostatically controlled by water
circulation. The reactor was continuously fed and dropwise with a pre-mixed oxidant solution by a
peristaltic pump for 6h. The aqueous layer was separated from the organic phase. The latter was
washed with deionized water severaltimes until the weight % of H,0, measured was lower than 0.2
wt %. The organic phase was then concentrated under reduced pressure. Organic phase and

remaining products were analysed and quantified (internal standard method) by GC-FID.



Substrate mmol g

cis-9-octadecenoic

acid (95%)

137 40.78

1-Decene (98%) 378 53

Table 3-8. Monounsaturated fatty compound reactor loading.

Solvent mmol g Eq.
2-methylpropan-2-ol 137 40.78 2
undec-10-enoic acid (98%) 378 70.38 2

Table 3-9. Solvent reactor loading. Eq: mol reactant/mol monounsaturated fattysubstrate.

3.2.2.2 Oxidative cleavage of unsaturated fatty compounds under ultrasonic conditions
— Indirect sonication (ultrasonic tank)

3.2.2.2.1 Oxidative cleavage of unsaturated fatty compounds in the absence of phase transferagent

Into a 50 mL 3-neck round bottom flask, the monounsaturated fatty compound (Table 3-10)
was added and sonicated for 10 minutes. A mixture of the tungsten-based catalyst (Table 3-11) and
35 wt % H20, (266 mmoles, 6eq.), previously mixed for 30 minutes at room temperature, was added
drop wisely for 2 h to the reaction mixture. The biphasic system was subject to a 25 or 120 kHz
ultrasonic irradiation and input power of 200 W, for 5h at 54°C. After reaction the aqueous phase
was separated from the organic phase. During the reaction samples were taken and quenched with
deionized water and the organic phase decanted followed by analysis by gas-chromatography (GC-
FID) with flame ionisation. In order to avoid the existence of residual H,0,, the organic phase was
extracted with H,O deionized (3 x 10 mL). The presence of residual H,0; in the water solution
extraction fractions was quantified by permanganate titration method. After the content of H,0;
detected was lower than 0.2 wt% detected the organic phase was concentrated under reduced
pressure. The organic phase was analysed by GC-FID for quantification by internal standard method

(hexanoic acid used as internal standard).



Substrate mmoles g

(2)-octadec-9-enenitrile 44.3 15.18
(77 %)

cis-9-octadecenoic acid 54 15.2
(95%)

Methyl cis-9- 33.7 11.53

octadecenoate (99%)

Table 3-10. Monounsaturated long-chain compound reactor loading.

Catalyst mmoles g Eq.
0.9 0.24 2%
H,WO0,
10 2.40 20%
H3PW 1,04 0.9 2.49 2%

Table 3-11. W-based catalyst reactor loading. Eq: mol catalyst/mol monounsaturated fatty substrate.

3.2.2.2.2 General procedure for oxidative cleavage of monounsaturated fatty compounds in the
presence of phase transferagent

The unsaturated fatty compounds and the tungsten-based catalyst were added with the
same procedure as 3.2.2.1.2. with the phase transfer agent (Table 3-7). The reaction was followed
with the same protocol applied in 3.2.2.1.2.. Extraction of the organic phase and compounds

guantification and identification were followed as describedin 3.2.2.1.2.

3.2.2.3 Oxidative cleavage of unsaturated fatty compounds under ultrasonic conditions
—direct sonication (ultrasonic sonotrode)

3.2.2.3.1 General procedure for oxidative cleavage of monounsaturated fatty compounds in absence
of phase transferagent

The reactants were introduced into a 3-neck round bottomed flask (Table 3-12) in the same
procedure as described in 3.2.2.1.3. The biphasic system was sonicated at 20 kHz and input power
of 100W, to direct ultrasonic irradiation for 5h. In order to cool the reaction system, the flask was

immersed in an ice bath. Reaction temperature rose from 35°C to 60°C in 5h reaction time. In the



reaction work-up the aqueous layer was separated from the organic phase. During the reaction,
samples were taken and quenched with deionized water and the decanted organic phase was
concentrated and analysed by GC-FID. In order to get rid from residual H.0;, the organic phase was
extracted with deionized H,0O (3 x 10 mL). The presence of residual H,0; in the water solution
extraction fractions was quantified by permanganate titration method. Once H;0. content was
lower than 0.2 wt% the organic phase was concentrated underreduced pressure. The organic phase
was analysed by GC-FID for quantification by internal standard method (hexanoic acid used as

internal standard).

Substrate mmol g
(2)-octadec-9-enenitrile 42 14.41
(77 %)
cis-9-octadecenoic acid 54.17 18
(95%)

Table 3-12. Monounsaturated fatty compound reactor loading.

Catalyst moles g Eq.
0.84 mmoles 0.28 2%

HWO4
11.56 mmoles 2.86 20 %
H3PW12040 1 mmoles 2.85 2%

Table 3-13. W-based catalyst reactor loading. Eq: mol catalyst/mol monounsaturated fattysubstrate.

Note: The characterisation of products and by/co-products were determined by GC/MS and the

yields were determined by internal standard method as previously described considering the same

response factor for the aldehydes.

3.2.2.3.2 General procedure for oxidative cleavage of monounsaturated fatty compounds in presence
ofphase transferagent

The reactants were introduced into a 3-neck round bottomed flask in the same procedure
as described in 3.2.2.1.2. At the end of the reaction the organic layer and aqueous phase were

treated and analysed as describedin 3.2.2.1.2. .



Note: The characterisation of the products and by/co-products was carried out by GC/MS and the
yield were determined by internal standard method as described previously considering the same

response factor for the aldehydes.

Substrate mmol g
(2)-octadec-9-enenitrile
43.71 15
(77 %)
cis-9-octadecenoic acid
52.98 17.6

(95%)

Table 3-14. Monounsaturated fatty compound reactor loading.

3.2.2.3.3 Oxidative cleavage of unsaturated fatty compounds under direct sonication (ultrasonic
sonotrode) with pre-emulsification

The phosphotungstic acid (1.9% mol eq.,1 mmol) was dissolved in 35 wt% H20 and stirred
at room temperature for 30 minutes. The oxidant solution was added dropwise to a dispersor
IKA®magic LAB® filled with the monounsaturated fatty compound (Table 3-15). The mixture was
stirred at 1600 rpm.min-1 for 1h. Temperature rose from 27 to 70°C. After 2h the reaction media

was sonicated at 29 kHz with the ultrasound horn for 3h.

Substrate mmol g
(2)-octadec-9-enenitrile
42 14.41
(77 %)
cis-9-octadecenoic acid
54.17 18

(95%)

Table 3-15. Monounsaturated fatty compound reactor loading.

3.2.2.3.4 Oxidative cleavage of unsaturated fatty compounds underdirect sonication (Cup Horn)

The reactants were introduced into the cup horn in the same procedure as described in
3.2.2.2.1. The reaction mixture was sonicated under 24 kHz and 200W of input power for 5h. The
exothermic reaction was controlled with a cooling system filled with water in the double-jacket
reactor. At the end of the reaction the organic phase and agueous phase were treated and analysed

as described in 3.2.2.2.1.



3.2.2.4 Oxidative cleavage of oleonitrile under continuous ultrasonic system

The tungsten-based catalyst (2 eq.%) was dissolved in an aqueous solution of hydrogen
peroxide (6 eq, 1.07 moles), solution stirred at room temperature for 30 minutes (oxidant solution).
The oleonitrile (214 mmoles, 56.4g) was charged in a 250 cm?3 double jacket reactor. The reaction
media was stirred at 1000 rpm and heated to 60°C. The reactor was continuously and drop wisely
fed with the oxidant solution, by a peristaltic pump for 2h. After 2h reaction in the stirrer tank
reactor (STR1), the reaction media was pumped by a piston pump with a flow of 18 mL/min to the
ultrasound reactor and the reaction mixture was sonicated at 20.3 kHz (50% or 100% Amplitude)
ultrasonic irradiation for a contact time of 1 minute. After sonication the reaction mixture was
collected in a second stirred tank reactor (STR2) cooled at room temperature in order to collect
samples after ultrasound irradiation. After the reaction mixture was completed recoveredin STR2,
was drained to the STR1 at 60°C and pumped to a new cycle to the ultrasonic system (Figure 3-2).
After6 cycles, the agueous phase was separated from the organic phase by decantation. The organic
phase was washed with demineralized waterseveraltimes until the weight % of H,0, measured was
lower than 0.2 wt %. The organic layer was then concentrated underreduced pressure. The organic
phase and the remaining products were analysed and quantified (internal standard method) by GC-

FID.
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Figure 3-2.Continuous ultrasonic system.



3.2.3 Products characterization

Z-octadec-9-enenitrile (C1sH33N) (75%): *H NMR (& ppm, CDCI3, 400
MHz,298 K): 8: 5.28 (m, 2H, CH=CH>), 2.27 (t,J =6 Hz, 2H, CH,CN), 2.11

NC )7 ( . (m, 4H, CH2CH=CH), 1.95 (m, 2H, CH2CH,CN), 1.59 (m, 2H,
CH2CH2CH2CN), 1.35-1.20 (m,CH; chain), 0.87 (t, J = 6 Hz, 3H, CH3CH;)
ppm.

0] . I
‘Ai 8-(3-octyloxiran-2-yl)octanenitrile (C1sH33NO):

NC )7 ( = m/z: M* 280, 155 (Ci10H150%), 134 (CgH1sN*), 55.

HO OH . . .
9,10-dihydroxyoctadecanenitrile (C1sH3sNO2)™:

NC )7 ( - m/z (di-TMS derivative): 226 (C12H2aNOSi*) , 215 (C12H270Si+), 73.

o Nonanal (CsH150)":
\M%kH m/z: 114 (CgH1s*) 98 (C7H1s*), 70 (CsHi1 *), 57 (C3Hs0%)

O 10-oxodecanenitrile (CoH1sNO):
7 H m/z:: M+ 209, 124 (CsH1s*), 110 (C7H12N*), 82 (CsHsN*), 41(C2HsN*).

O Pelargonic acid (CoH1302):
\M7)J\OH m/z (di-TMS derivative): M* 230, 215 (C11H230,5i*), 117 (CaH9O,Si).

O 8-cyanooctanoic acid (CoH1sNO2) *:
> OH m/z (di-TMS derivative): 226 (C11H20NO3Si*), 117 (CaHs0,Si*).

Note: *- The molecular ion for the respectives molecules was not detected due to the detection
mode used in the analytic method. However, the fragmentation patterns sustain the identification

of the compounds.



8-(2,5-dioctyl-1,3-dioxolan-4-yl)octanenitrile (C27Hs51NO2) *:
m/z (di-TMS derivative): M*420, 308 (C19H3aNO2*)

8-(2,5-dioctyl-1,3-dioxolan-4-yl)dioctanenitrile (C27Hs1N20) *:
m/z (di-TMS derivative): M*431, 308 (Ci9H3aNO2*), 280 (C1gH3zsNO*).

1-cyano-8-hydroxyheptadecan-9-yl nonanoate (C27Hs1NO3) *:
m/z (di-TMS derivative): 385 (Cz2Hss03Si*), 228 (Ci3H2s0Si*),215
(C12H270Si*).

1-cyanoheptadecane-8,9-diyl dinonanoate (C3sHes7NO4) *:
m/z (di-TMS derivative): 420 (Ca7HsoNO2*), 308.



3.3 Results and Discussion

3.3.1 Reaction parameters choice

The catalytic system was based on different parameters such as reduction of reaction time
and oxidant concentration in order to apply to this system, the ultrasound technology in safe
conditions. Firstly, reaction parameters in solvent-free and silent conditions were optimized based

on the previous conditions described by Markush et all. [1] .

3.3.2 Optimization of conventional reaction conditions

Herein it is aimed to describe the oxidative cleavage of oleonitrile and oleic acid optimization
study in conventional conditions (silent conditions).

Reaction’s mass transfer challenges and difficult reaction heating control are described. The
discovery of the importance of the 9,10-dihydroxystearic acid/nitrile intermediate in the rate of the
reaction and in the formation of new high molecular weight molecules is a crucial key-factor that
has been missing in the oxidative cleavage experiments described in the existent literature.

The influence of the catalyst (tungsten based), phase transfer agent and hydrogen peroxide

concentration in the oxidative cleavage of oleonitrile, in particular, was studied.

3.3.2.1 Mixing speed

The effect of varying stirring speed on the rate of the epoxidation of oleonitrile (Scheme 3-5)
was studied in the range of 500 to 1500 rpm. The reaction conditions applied were the addition of
an oxidant mixture comprised by 2% eq. (mol cat/mol oleonitrile) and 1 eq. of 70 wt % H,0, added
drop wisely for 1 hour (Scheme 3-5) .

— (0]
) (M—CN ——mmm CN
7 7 6eq. 70 wt.% H,0, 7 7
2 % eq. HoWO,
2% eq. Aliquat 336%
t=1h
T=75-90°C

Scheme 3-5.Epoxidation of oleonitrile.
Asshownin Figure 3-3, no improvementinthe reaction rate was observed with the different stirring

speeds tested. At these stirring agitations, mass transfer effects are, to all intents and purposes,

removed. The graph also shows that the reaction rate is relatively slow compared to the mass



transfer rate. The results indicate that the chemical reaction is a rate determining step. Therefore,
to avoid any mass transfer effect and due to the slightly higher oleonitrile conversion results

obtained with the 1000 rpm stirring speed was chosen for the oxidative cleavage experiments.
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Figure 3-3. Conversion of oleonitrile in the first hour of oxidant addition at different rpom._Reaction conditions: Oleonitrile, 2 eq %

H2WO0Os4, 1 eq. 70 wt.% H20;. Eq.: mol reactant/mol oleonitrile.

3.3.2.2 Oxidant mixture flow addition

The experiments were pursued in the conditions where the catalyst, tungstic acid (2 eq. %),
was previously dissolved in a solution of 6 eq. 35 wt % H0,.

The graph from Figure 3-4 represents the consumption of oleonitrile in 1h with different
oxidant mixture flow additions 0.305 mL/min and 0.917 mL/min (3.5 x 103 mol/min and 1.1 x 102
mol/min of 35 wt% H,0: respectively) in the reaction media. As it is possible to observe, the
consumption of oleonitrile increases with the stoichiometric amount (eq: mole ratio H,02/C=C) of
H.0, added in the same period. The reaction rate is determined by the H,0; addition in the reaction

media where no mass transfer limitation should occur in this biphasic systemin the first 1h.
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Figure 3-4. Consumption of oleonitrile in the first hour of oxidant addition at different oxidant solution rate. _Reaction conditions:

Oleonitrile 75% purity, 2 mol % eq. H2WO4 (dissolved in 6 mol eq. 35 wt% H202) at 90°C and stirred at 1000 rpm for 1h.

On Figure 3-5,, it is represented the Residual NC18:1 measured in function of the solution 35 wt%
H,0: equivalents (mol H,0,/ mol NC18:1) added. Afterthe addition of one equivalent of H,0: there
was supposed to form already the epoxide specie and after 3 equivalents the final oxidative cleavage

products. However, with one equivalent only 30% of oleonitrile is converted.
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Figure 3-5. Consumption of oleonitrile in the first hour of oxidant addition at different oxidant solution rate. _Reaction conditions:

Oleonitrile 75% purity, 2 mol % eq. H2WOs (dissolved in 6 mol eq. 35 wt% H202) at 90°C and stirred at 1000 rpm for 1h, values
corrected to STD= +-3%.

From the graph is also possible to observe tendency for the overlapping of the two curves, which
shows that the reaction is not dependent on the quantity of H,0> that is added in the reaction
medium but on the catalyst quantity that is presentin the reaction medium. In the beginning of the
reaction the H;0; added is quickly consumed. However, the reaction is still slow since the

concentration of the catalyst is low in the first minutes. The conversion of oleonitrile is though



proportionally dependent on the amount of the catalytic specie presentin the reaction media and

not in the amount of 35 wt% H.0; present in the medium.

3.3.2.3 Oxidantconcentration

In this study the catalyst was dissolved previously in the H,0: solution forming the oxidant
solution in order to form ex-situ the catalytic specie peroxotungstate. The oxidant solution was
added dropwise in the reaction media with a flow of 0.917 mL/min.

The consumption of oleonitrile overtime at different H,02 concentrations is representedin
the graph from Figure 3-6. In the first minutes, while H20; is added to the reaction media, it is
consumed, the concentration of H20; has no influence in the consumption of oleonitrile contrarly
of the influence of the catalyst concentration. In the graph representedit is possible to observe that
the conversion of oleonitrile depends on time. Also, once H20; accumulates in the reaction media
(after 360 sec), higher the concentration of H202 and higher the catalyst concentration in the
reaction media, higher will be the consumption of oleonitrile overtime. The reaction speedis highly

dependentonthe concentration of the catalytic specie in the reaction media.
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Figure 3-6. Residual moles of oleonitrile in the first 10 minutes of oxidant addition at 10, 35, 50, 70 wt % H0,. Reaction conditions:

2 mol % HaWO4/ mol oleonitrile, T: 90°C, reaction time: 10 minutes, flow addition: 0.917 mL/min.

The graph from Figure 3-7 represents the variation of residual moles of oleonitrile in the reaction
media number by the number of moles of H,0, added at different H.02 concentrations with the
same flow (0.917 mL/min). The graph shows that the conversion is almost not influenced by

changing the amount of hydrogen peroxide in the reaction media.
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Figure 3-7. Residual moles of oleonitrile over the number of moles of H20; of oxidant addition at 10, 35, 50, 70 wt % H20;. Reaction
conditions: 2 eq % H2WO4 (mol H2WO4/ mol oleonitrile), T: 90°C, reaction time: 10 minutes, flow addition: 0.917 mL/min.

These results sustain the fact that the consumption of oleonitrile is proportionally
dependenton catalyst loading and not on the H20: flow addition.

The key determining step is though the formation of the active catalytic specie
peroxotungstate (H2W(0On)0Oa). Higher concentration of H,0, higher will be the solubility of the
catalyst in the oxidant solution and lower the volume of aqueous phase in the reaction media. The
active specie will have higher contact with the organic phase and more easily will be reactivated in

the concentrated H,02 aqueous phase (Figure 3-8).
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Figure 3-8. Biphasic system of oxidative cleavage of oleonitrile.



3.3.2.4 Tungsten-based catalystinfluence

3.3.2.4.1 Catalyst pre-conditioning

Asreferredin chapter one, tungsten-based catalysts are found to be the perfect catalysts for
oxidation reactions as shown by several authors [9-11] . Hajime Suzuki et al. found in their
experiments that HoWOa4 can stably oxidize water to O; rather than its dihydrate specie H4WOs or
WOs. They proved that the higher tilt angle affords greater overlap between W-5d band and O-2p
orbitals which might explain it success in oxidation reactions in H20; solutions [12].

As described in chapter 1, the pre-conditioning of hydrogen peroxide with the tungsten-
based catalyst is essential to form the catalytic specie for the oxidation reaction.

In Figure 3-9. it is represented the oxidative cleavage yield % by 2 eq.% tungstic acid addition in-situ
(not dissolvedin the hydrogen peroxide) and pre-condition (pre-dissolution in H203). In presence of
a phase transfer agent it was obtained an improvement of 10% monomer yield, when the catalyst
was pre-dissolved in the hydrogen peroxide solution, compared with the addition of the tungstic

acid in the beggining of the reaction (in-situ) (Figure 3-9).
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Figure 3-9. Pelargonic acid and 8-cyanooctanoic acid yields obtained by/not previous dissolution of the catalyst in the H,0,. Reaction

conditions: Oleonitrile, 2 % eq. H2WO4 / mol oleonitrile, 6 eq. H,02, 24h, T:90°C. Eq.: mol substrate/mol oleonitrile.

For the oxidative cleavage of monounsaturated compounds, we tested two different
tungsten-based catalysts, tungstic acid (H2WOs4) and a Keggin type polyoxometalate
phosphotungsticacid (Hz3PW12040) in the oxidative cleavage of oleic acid and oleonitrile. The catalyst
was previously dissolved in the 70 wt. % H202 and stirred for 30 minutes before addition in the

reaction media.




Phosphotungsticacid has 10 x O/mole and 11 x more W/mole than tungstic acid. It is astrong
Bronsted acid, pKa =-13, and the Keggin anions have three types of outer oxygen atoms as a
potential protonation centers: terminal oxygens M=0 and two types of bridging oxygens M-0-M,
edge sharing and corner sharing. Contrarily to tungstic acid, phosphotungstic acid is easily soluble
in H20; aqueous. As mentioned in Chapter 1, Venturello , Antonelli [13,14] and Goddard [15]
mentioned the perfect synergy between the phosphotungstic acid, and the phase transfer agent
catalytic specie formed such as (Q3PO2[WO(02):]s), sinthesized ex-situ (Venturello) and in-situ
(Goddard), in the oxidative cleavage of oleic acid affording 82 and 86 % yield of azelaic acid and
pelargonic acid.

However, in our experiments with oleonitrile as a substrate, lower yield was obtained when

phosphotungstic was applied (Table 3-16).

pelargonic acid 8-cyanooctanoic

Substrate Catalyst
(%) acid (%)
__ 2 eq % H2WO4 53 56
—Hy oNon
2 eq% H3PW12040 28.3 22.7

Table 3-16. Influence of the tungsten-based catalyst on the yield products of oxidative cleavage of oleonitrile. Reaction
conditions: Oleonitrile, 2 % eq. W catalyst/mol oleonitrile, 6 eq. H20,, 24h, T:90°C. Eq.: mol substrate/mol oleonitrile.

Eq.: mol catalyst/mol oleonitrile.
In the first hour of addition of the oxidant mixture with phosphotungstic acid in the reaction media,
high exotherm temperature was observed. The temperature rose in 10 minutesfrom 70 to 95°C and
the reaction medium presented an orange coloration. The application of 70 wt% H,0, might be too
aggressive and once the oxidant mixture was added to the reaction media that contained the phase
transfer agent, might promote the formation of an inactive specie.

It is generally accepted that the active specie is the peroxophosphotungstate trianion
(PPW?3) [14] as for example (POs[W(O)(02)2]4)*, obtained by dissolution of H»0: with
phosphotungstic acid (Hs3PW12040 ). However, as demonstrated by Luis de la Garza et al. [16] at high
concentration of H,02 solution, the full oxidation of PW40243 specie and the formation of WOe?can
occur. This anion can also partially bind to the phase transfer agent and co-precipitate as [Q%**]2
[WOe?] yielding an orange product that proved also to be inactive in their experiments in the
epoxidation of methyl oleate [16]. Thus, the orange color can be also related to the decomposition

of the phase transfer agent, as for example, the formation of Br; or Cl; species.
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Scheme 3-6. Sequential oxidation of phosphotungstic acid by hydrogen peroxide and potential pairing with the phase transfer agent

Q?*. (Scheme adapted from Luis Garza et al. publication [16]).

We studied the influence of the catalyst concentration in the consumption of oleonitrile in the first

hour of reaction.
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Figure 3-10. Influence of catalyst concentration in the consumption of oleonitrile in the firsthour of reaction. Eq: mol

catalyst/mol oleonitrile.

No substantial improvement was observed at higher (4 eq. %) H2WO4 loading.



3.3.2.5 Type of Monounsaturate substrate

The oxidative cleavage of monounsaturated compounds with different functional groups
were tested in the reaction conditions of dissolution of tungstic acid in 70 wt% H»0, and addition

dropwise for 6h with a total of reaction of 24h (Table 3-17).

Yield
Substrate product
(%)
Pelargonic acid 53
Oleonitrile (75% purity)
8-cyanooctanoic acid 56
Pelargonic acid 46
Oleic acid (98% purity)
Azelaic acid 45
11-cyanodecanoic acid 45
(Z)-octadec-11-enenitrile
Heptanoic acid 46
11-cyanodecanoic acid 30
(Z)-octadec-12-enenitrile
Hexanoic acid 44
Pelargonic acid 69
Methyl oleate (98% purity)
methylazelate 53
1-decen (98% purity) Pelargonic acid 60

Table 3-17. Oxidative cleavage products yield for oleonitrile, oleic acid, (Z)-octadec-11-enenitrile, (Z)-octadec-12-

enenitrile, methyl oleoate and 1-decen. Reaction conditions: Oleonitrile, 2 eq.% H;WO,, 6 eq. 70 wt% H.0,, 24h, T:90°C.

Eq: mol catalyst/mol oleonitrile.

No significant difference was observed in the yields of the oxidative cleavage products of
oleonitrile, oleic acid, (Z)-octadec-11-enenitrile and (Z)-octadec-12-enenitrile and 1-decen.
However, higher yield (69% pelargonic acid and 53% methylazelate) was obtained in the oxidative

cleavage of methyl oleate (Table 3-17).

3.3.2.6 By-products obtained by isomerisation

The possibility of isomerization of the double bond, during oxidative cleavage process of
methyl oleate, was sustained by the presence of octanoic acid (1) and the C10 ester acid (2) in the
final product. The presence of acid heptanoic (3) and the ester acid C11 (4) could indicate the

oxidative cleavage of the isomerized double bond in the position C12 and C13 of methyl linoleic

presentin the starting material (2% chromatographic peak area) (Figure 3-11).
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Figure 3-11. Products obtain by oxidative cleavage of methyl oleate and the product result of isomerization of methyl

oleate.

The isomerization could occur from tungsten oxalate complex with the intermediary epoxide as it is

suggested by some authors [14,17].

Figure 3-12. Possible cause of isomerization of double bond from C9-C10to C10-C11.

Afterreaction the hydrolysed product of methyl azelate, azelaic acid, and methyl sebacate, sebacic

acid, were identified by GC-FID.
3.3.2.7 PTA influence

Oil-water biphasic-systems often needs the use of a third component with hydrophobic and
hydrophilic characteristics. Phase transfer agent (PTA) or Phase Transfer Catalyst (PTC), if it
determines the reaction rate, in catalytic amounts, can improve the rate of heterogeneous
reactions. Their application includes two fundamental processes: transport of the anion to the
inorganic layer by using an onium counter ion. Phase transfer agents reduce the interfacial tension
between the two liquids increasing the interface area, allowing higher contact between the two
liquid, forming a stable emulsion. Usually, these types of catalysts are comprised by quaternary
ammonium salts. Ideally, the PTA is in the interphase of the biphasic system allows the transfer of
the oxidant in the aqueous phase to the organic phase through the formation of one ion pair
sufficiently lipophilic. The anion is though transfer to the organic phase with the organic substrate.
In biphasic systems such as the oxidative cleavage of unsaturated fats with hydrogen peroxide,

guaternary ammonium salts are often applied. Their ability to form essentially non solvated



electrically neutral lipophilic ion-pairs with the anionic species, make them suitable for application
in water-oil systems. As mentioned on chapter 1, Venturello was a pioneer in the application of
guaternary ammonium salts in the oxidative cleavage of unsaturated compounds.

In the oxidative cleavage study of internal monounsaturated compounds three different
guaternary ammonium salts were tested as phase transfer agents: the Aliquat 336® (Figure 3-13 i)

and the cetyl pyridinium bromide or chloride (Figure 3-13 ii and iii).

S =
® Br ® |
H3C(H,C)g=N=(CH,)sCH, o SN
(CH,)oCH4 X ((IZH2)15CH3
i i) X=Cl
iii) X=Br

Figure 3-13.Phase transfer agents used in the oxidative cleavage of unsaturated compounds. i) Aliquat 336® and

Cetylpiridiniumi) chloride or ii) bromide.

Yield1 Yield2
Substrate Experiment PTA
% %
1 - 25.7 26
2 i 53 56
—Hy N
99 3 i 48 42
4 iii 47 46
5 - 10 8
—@—COOH
6 i 56.8 51

Table 3-18. Influence of PTAin the oxidative cleavage of oleonitrile and oleicacid products yield.

The products yield was significantly improved in the presence of a phase transfer agent. However,
no significant difference was observed when tested different PTAs in the catalytic system. (Table

3-18).



On his studies, Venturello proposed the formation of a peroxo catalyst formed with the
tungsten-based catalyst applied. The existence of a peroxo complex facilitates the transfer of the
oxygen from the aqueous phase (H202) to the organic phase. However, in this publication the
peroxo-complexes are produced ex-situ [13]. As mentioned before Godard et al. proposed the
formation of in-situ catalytic specie which reacts with the olefin giving place to an epoxide specie
followed by diol formation and concomitant cleavage of C-C bond giving place to aldehyde products

and carboxylic acid from the oxidation of aldehydes.

3.3.2.8 Reaction mechanism in presence/absence of a phase transferagent

The oxidative cleavage of oleonitrile was controlled by samples withdrawn periodically from
the reactor and put into the test vial containing 1 mL of deionised water in order to quench the
reaction. The organic layer was decanted and analysed by GC-FID.

Inthe absence of phase transferagent the oxidative cleavage of oleonitrile proceeds through
epoxidation of C-C double bond in Cg and Cio (2), followed by the epoxide’s ring-opening reaction
via hydrolysis producing the diol specie 3, C-C cleavage affording the aldehydes 4 and 5 and
concomitant oxidation leading to the carboxylic acids 6 and 7 (Scheme 3-7). However, in presence
of a phase transferagent, no diol (3) intermediate was detected in the samples analysed during the
reaction time.

o HO OH 0 0
—7*/’:<\*70N —bmw —FMCN—.M%H ! NC%H—" \MTCOOH . NCM?COOH
3 5

1 2 4 6 7
]
1
]
1

______________________________

Scheme 3-7. Oleonitrile oxidative cleavage in presence/not of a phase transfer agent. 1: oleonitrile, 2: 8- (3-octyloxiran-
2-yl) octanenitrile (epoxide intermediate), 3: 9,10-dihydroxyoctadecanenitrile, 4: nonanal, 5: 8-oxononanenitrile , 6:

pelargonic acid, 7: 8-cyanooctanoic acid. Reaction conditions: Oleonitrile, 2 eq. % H,WO4, 6 eq. 35 wt % H.0,, 24h,

T:90°C, 2 eq.% cetylpiridinium bromide (when applicable).

The absence of the diol specie peak (no peak detectedin the GC-FID analysis) can be an indication
that a high molecular weight complex, such as acetal or esters not detected by the chromatographic
method are formed. Another possibility is the fact that during the treatment of the sample a specie
formed between the peroxo-quaternary ammonium complex and the diol intermediate (Figure 3-
14) is formed and, during the samples treatment it migrates to the aqueous phase not being

detectedin the analysis of the organic phase.
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Figure 3-14. Possible intermediate specie formed in presence of PTA. Q*=CsHs4CIN, C21H3sBrN.H,0, C21H3sCIN.H,0.

The reaction was also slower in presence of a phase transfer agent ( Figure 3-15).
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Figure 3-15. Intermediate and product species formed during the oxidative cleavage of oleonitrile with 2% mol H,WOQ.,,

6 eq. H,0,, not (A) orin presence of 2 eq. % Aliquat 336® (B).

3.3.2.9 Mass balance Study

The quantification of the oxidative cleavage products afterreaction was done by the internal

standard calibration methodology through GC-FID analysis. However, the products quantified by

this method does not fulfil the mass balance of the reaction. This can be the result of significant

loses during the extraction procedure after reaction. In Figure 3-16, it is described the mass balance

of the oxidative cleavage of oleic acid.

H,W0,, 70 wt% H,0,

1.84¢ 103 g
35 g H,0 evaporated
Oleic acid ]
101.2¢g =
e 160.8 g
Aliquat 336® (-12.55 g)
231g

HCI 37 wt %
AcOEt

solid

— 0.728

Organic phase
—— 108.61¢g

— 30.02¢g
Aqueous phase

31.7g

Figure 3-16.Mass balance of oxidative cleavage of oleonitrile. Reaction conditions: Oleonitrile, 2 mol % H:WO,, 6 eq.

H.0,,24h, T:90°C.




From the internal standard calibration methodology through GC-FID analysis, the total mass
guantified in the reaction is 92.89 g. The difference between the quantified mass of the organic
phase in the end of the process and the quantified mass in the calibration methodology applied,
demonstrate that approximately 16 g of products are not detected by the analysis methodology

applied (Table 3-19).

Azelaic Pelargonic Oxopelargonic  Stearic Palmitic High Total Missing
Nonanal
acid acid (@ acid acid acid MW  mass mass
4
(8) (8) (8) (8) (8) (8) (8) (8)
41.47 42.23 1.15 1.38 1.64 0.27 4.75 92.89 16

Table 3-19.Quantification of oxidative cleavage products, saturated fatty compounds that did not reacted during the

reaction and high molecular weight molecules identified by GC-FID.

3.3.2.10 Reaction conditions optimization for application in ultrasound system

In order to apply the ultrasound technology to the oxidative cleavage system, the same was
optimized at lower hydrogen peroxide concentrations, based on the experiments of Godard et al.
[18].Godard et al. proposed a 5h reaction system using phosphotungstic acid 2 eq.% (dissolved in
the oxidant mixture) and cetylpiridium bromide 5.5 eq.% as a phase transfer agent to achieve 81.5
mol % yield of azelaic acid (2) and 86.1 mol % yield of pelargonic acid (1). However, on their studies
they describe a methodology where a solution of 2 eq.% H3PW12040 dissolved in 6 eq. of 35 wt%
H.O,, is added over only 5 minutes at 60°C [18]. Such experiment might work at low product
guantities, butin up-scale conditions can be highly dangerous. We adapted the conditions described
in their work to higher reactant mass. However, after only 2 minutes of oxidant solution addition
the temperature rose from 60°C to 105°C and the reaction needed to be stopped in order to not
overcome the limits of flammability. In order to work in safer conditions, we adapted the reaction

systemto 2h addition of the oxidant solution in the reaction media (Scheme 3-8 and Table 3-20).

o~ 2% mol HsPW 1,040
27 R 5.5% mol CypHggCINH0 Y- COOH 4 RVM;]COOH
R=H, CgH,s0H 6 eqg. mol 35 wt% H,0, 1 2
60-85°C
5h

Scheme 3-8.0xidative cleavage of monounsaturated compounds based on Goddard reaction conditions [18].



Experiment Substrate
(%) (%)
i thr ;” COOH 55.5 62.1
1
RS
i 7 - 39
2
MeOOC
iii \M7/\ - 12.5
3
| HOOC (A
iv 7 - 34.3
4
—tf7 Men
v 7 ¢ 37 35
5

Table 3-20.0xidative cleavage of monounsaturated fatty compounds.1- oleic acid, 2 — 1-decen, 3 — methyl — 9-

decenoate, 4 — 9-decenoicacid and 5 - oleonitrile. Reactionconditions: 2 eq.% H:PW12040; 6 eq. H202 35 wt%, 5.5 eq.

% cetylpiridinium bromide, 5hreactiontime. In case of terminal olefins the formicacid was not detected by GC-FID. Eq:

mol reactant/mol oleonitrile.

Higher oxidative cleavage products yields in terminal olefins would be expected in comparison to
internal olefins as it the case of oleic acid. However, in such reaction conditions lower yield was
obtained in terminal olefins (from 39-12.5%, cleavage products). In case ofiii the hydrolysis product
of the esterfunction (azelaic acid) was also obtained. Due to the acidity of the reaction media pH

=1.0, the hydrolysis of the esterfunction of iii is promoted.



3.3.3 US-Assisted oxidative cleavage of unsaturated fatty compounds

3.3.3.1 Indirect sonication

The use of a phase transfer agent can represent an important impact in the process
industrialization cost. Some studies support the use of ultrasound to enhance the emulsification of
a biphasic system. Darya Radziuk et al. [19] demonstrated that mass transfer across the phase
boundary is substantially enhanced through acoustic emulsification. Polymersin the aqueous phase
in presence of ultrasound are known to undergo emulsion polymerization, in which the diameter of
droplets is initially a function of the amount of shear forces [20] . In order to increase the mass
transferin the reaction media, reduce the reaction time and avoid the use of a phase transferagent,
we decided to apply the ultrasound technology to, attain the threshold of cavitation and create
perfect emulsions and increase the surface contact area between the two phases of the
heterogenous system.

In order to study the effect of ultrasounds in the oxidative cleavage of unsaturated fatty
compounds and determine the best frequency to apply, we started the experimentsin an ultrasonic

cleaning tank lent by Weber Ultrasonics AG.

3.3.3.2 Ultrasonicfrequency

The first strategy was to find the best frequency to apply in the oxidative system. The
reaction was tested at 25 kHz (low frequencies) and 120 kHz (high frequencies) in presence of

H2WOa4 and in presence of H3PW1,040 (Figure 3-17).

2 eq % HsPW,,0,,

100% 99%

90% 20 eq % H, WO,

718%

Unsaturated

09
fatty 57% 579
substrate X .
. S0% 49% 47%

conversion 2 eq % H,WO, a3%
a0% % I +/)/7—(\—>7coor—|
30%
" Catalyst-free B ) (on

B - (\coome

0% 0% 1%

<€ > €—>
25 kHz 120 kHz

Figure 3-17. Catalystand ultrasonic frequency conversion onthe unsaturated fatty substrate conversion. Catalyst free:

Unsaturated fatty substrate, 6 eq. mol H,0,.
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Lower frequencies led to higher conversion of the monounsaturated fatty substrates tested.

The experiments pursued with phosphotungstic acid afforded higher conversion of
oleonitrile even when 20 mol % of H,WO4 was used (Figure 3-17).

In case of oleic acid after 240 minutes the reaction was stopped due to the formation of a

white agglomeration (Figure 3-18).

54.4°C

150 min 175 min 190 min
58.2°C 56.6°C 56.6°C

196 min 240 min

Figure 3-18. White agglomeration formation.

This phenomenon can be related to physical and chemical phenomena.
1) “Breaking emulsion” (physical phenomenon)

The physical phenomenon can be related to the phenomenon of flocculation or breaking
combined with coalescence.

Firstly, the small spheres of oil stick together to form clumps or flocks which act as larger
drops. Secondly the breaking phenomenon due to coalescence and creaming combined result in
completely separation of oil from water so that it floats at the top in a single, continuous layer. This
phenomenon’sitis called “breaking emulsion”. However, to reverse the process emulsions must be

remade which requires high energy (Figure 3-19).
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Figure 3-19. Aggregation of oil particles in oil-in-water system resulting in the emulsion breaking.

The explanation for the fact that under 120 kHz such phenomenon’s does not occurs is
related to the fact that at high frequencies the cavitation bubble size is reduced contrarily in case of
low frequencies.

2) Formation of high molecular weight molecules (chemical phenomena)

A second hypothesis relies on the catalyst applied once with 2 eq. % HWOs this
phenomenon does not occur. However, once we equal the number of oxygens asin phosphotungstic
acid pursing the experiment at 20% mol HoWOa, the same agglomeration is obtained. Such can be
related to the fact that once the catalyst is more reactive (11 x W/mol and 36 x O/mol more than
tungstic acid) the production of higher molecular weight molecules such as acetals or esters from
reaction between the 10-dihydroxystearic acid with the oxidative cleavage products such as
aldehydes or mono and dicarboxylic acid, is favoured. Once the reaction temperature is below the
melting point of these species, the same accumulates in the reaction media creating a solid thick

layer and the reaction is stopped (Figure 3-20).

Figure 3-20. White agglomeration formedat 240 min in the oxidative cleavage of oleicacid. Reaction conditions: H;0,

35 wt %, 2 mol % H3PW 1,040 or 20 mol % H.WO.. Melting point: 80-98°C.




3.3.3.3 Phasetransferagent

Some researchers argue thatthe effect of ultrasound is enhanced in presence of an emulsifier[4,21].
In our experiments, we tested the cetylpiridinium bromide as emulsifier test.

The oxidative cleavage products were only obtained in presence of a phase transfer agent (Table

3-21).
) Silent conditions
Yield1 Yield2 Yield1 Yield2
Substrate PTA
(%) (%) (%) (%)
—(—/{9:9(\-)—CN Cetylpiridinium
14 18 0-4 0-4
bromide
_(_/:(\_)_
)9 9 COOH Cetylpiridinium
19 24 % 0-4 0-4

bromide

Table 3-21. Oxidative cleavage products of oleonitrile and oleic acid in/not presence of an emulsifier. Reaction

conditions: H,0; 35wt %, 2 mol % H3PW 1,04, 2 mol % Cetylpiridinium Bromide (when applicable), 54°C, 5h in silent
conditions and under sonication at 25 kHz, 0.024 W.mL™* (input power of 100W, 60.19 W taking in account the cp of
H.0).

Figure 3-21.Reaction mediain presence/absence of Cetylpiridinium bromide.

The acoustic power calculated, 0.024 W.mL"1, is the acoustic power that is absorbed in the
water of the ultrasonic tank by mL of water. Once, the reaction takes place in a glass flask the
acoustic power in the reaction media should be much loweronce it can occur phenomena of sound

reflection in the glass, and the sound absorption can also be influenced by the thickness of the flask.

111



For this reason, the level of reproducibility of the chemical synthesis in indirect sonication

conditions, is low.

3.3.3.4 Indirect sonication versus direct sonication

Besides the enthusiastic results obtained when compared to the same conditions with a
stirrer tank reactor at lower temperatures than applied conventionally, yields obtained in the order
of 20% are not satisfactory. In indirect sonication, the ultrasonic wave needs to cross the liquid
inside the ultrasonic device and then cross the wall of the sample container. Therefore, ultrasonic
intensity inside the sample container is reduced. Direct sonication obtained by using ultrasonic
probe allows much higher ultrasound intensity to the medium once it is in direct contact.

The results obtained for the oxidative cleavage system are presented in Table 3-22. In our
experiments we needed to reduce the quantity of phase transfer agent when applied the cup-horn
and the sonotrode. Using higher than 2 eq% of PTA, respecting to the substrate, promoted a
substantial foam which was difficult to control.

The highest oxidative cleavage yield products were obtained when the reaction was
subjected to sonotrode at 25 kHz in the absence of the emulsifier. This might be related to the fact
that with phase transfer agent the foam, produced due to the local high intensity supplied by the
ultrasonic horn, is formed hindering the dispersion of sound waves in the reaction media preventing

the reaction to occur.



Nitrile 8-cyanooctanoic
Apparatus PTA nonanal Pelargonic acid
aldehyde acid

Conventional - - - - -

(54°C) 5eq. % - - 0-4% 0-4%

Conventional - - - - -

(85°C) 2eq.% - - 37% 35%

Ultrasonic tank - - - - R

(54-57°C) 5eq.% - - 14% 18 %
Cup-horn - - - - -
60°C 2eq.% 5% 7% - 10%
Sonotrode - 20% 25% 40% 45%
50-64°C 2eq.% 4% 5% 14% 10%

Table 3-22. Oxidative cleavage of oleonitrile products yield obtained in the different equipments tested. Reaction
conditions: 6 eq. H20, 35wt %, 2 eq. % H3sPW:1,040, 2 eq. % Cetylpiridinium Bromide (when applicable), 5h reaction time.

Eq.: molreactant/ mol oleonitrile.

3.3.3.5 Emulsion formation before sonication

Ultrasound wave propagation is affected as mentioned before by the viscosity of the
medium. In that sense, we used the Dispersor IKA® magic LAB in order to create the perfect
emulsion system and overcome the increase of viscosity when formation of the diol intermediate.
Howeverthe oxidative cleavage yield products attaint was lower than in the sole application of the

ultrasonic probe.

Nitrile Pelargonic 8-cyanooctanoic
Apparatus PTA nonanal
aldehyde acid acid
Sonoprobe - 20% 25% 40% 45%
50-64°C 2 mol % 4% 5% 14% 10%
IKA ® magic LAB - 15% 14% 33% 32%
+ Sonoprobe 2 mol % 23% 19% 4% 5%
50-64°C 2 mol % 4% 5% 14% 10%

Table 3-23. Oxidative cleavage of oleonitrile yield products obtained in absence and formation of a pre-emulsion before

sonication.



3.3.3.6 H20, decomposition

Direct sonication represents higher energy delivered to the medium but has also an
important constraint, the fact that the metal of the sonotrode isin contact with the liquid. In contact
with titanium (metal of the sonotrode tested), H.02 may decompose and the efficiency of the
catalytic system would be reduced. Another reason is the formation of hot spots when cavitation
bubbles which generates high local (not measured) temperatures might allow faster decomposition
of H20,.

In order to test the possible application of the catalytic system by direct sonication, we
measured the decomposition of H,O2 in presence and absence of phosphotungstic catalyst for 5h.
The decomposition of H20, over the oxidative cleavage of oleonitrile and oleic acid was also

measured, leading to interesting results (Figure 3-22).
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Figure 3-22. Decomposition of H,0, during the oxidative cleavage of oleonitrile and oleic acid.

In Figure 3-22, the decomposition of H,02 over the 5h of sonication was lower than 6%. In
presence of phosphotungstic acid the H,02 concentration at the end of the reaction time was 14
wt%.

However, the decomposition was faster in presence of oleic acid (decrease of 20 wt% after

only 15 minutes) than in presence of oleonitrile.
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The result obtained can be an indication that as soon as pelargonic acid and azelaic acid are
produced, the decomposition of H.0; is favored instead of the oxidative cleavage of the

monounsaturated substrate.
3.3.3.7 Viscosity of oil

In sonication, the energy transmitted per unit medium area is known as the intensity and
proportional to the square of the amplitude (I x A2). This means that the amplitude of ultrasound
waves impacts the intensity of cavitation by determining the number of bubbles that implode per
unit of time. Thus, during intense cavitation, extreme temperatures and pressures can be produced
inside the collapsing bubbles and cause the molecules present within the bubbles to decompose
severely. In Equation 3-5 it is described the influence of the viscosity in the intensity of sound
propagation in medium.

_ Famax

2pV
Equation 3-5.Amplitude intensity of ultrasound. P p,4,: maximum pressure amplitude of the wave, p: the

density of the medium and V: the velocity of the sound in the medium.

The liquid viscosity is therefore animportant physical parameter that impacts the energy dissipated
by the cavitation bubbles and therefore, affects the wave attenuation and the shape of the acoustic
field [22]. At 21°C the viscosity of oleonitrile is 22 x lower than oleic acid and at 60°C is 3x lower

(Table 3-24).

Substrate 21°C 60°C

)y 9

—(—@—COOH 31.55 mPa 9.55 mPa

( CN 9.32 mPa 3.36 mPa

Table 3-24. Viscosity of oleonitrile and oleic acid at 21°C and 60°C.

The formation of new high molecular weight compounds introduces new forces of interaction

betweenthe molecules, increasing the viscosity of the medium and thus prevent the relative motion

of the fluid.
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3.3.3.8 By-products formation

Underdirect sonication, with an ultrasonic horn at 25 kHz frequencies (100 W input power),
the oxidative cleavage of oleonitrile was faster compared to conventional conditions (stirrer tank
reactor). Already after only 15 minutes the aldehydesstart to be produced ( Figure 3-23). However,
a new intermediate specie was detected, already supposed in the literature but never detected in

our experimentsin conventional synthesis.
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Figure 3-23. Oxidative cleavage on oleonitrile reaction progression. Reaction conditions: oleonitrile, 6 eq.35

wt% H,0;, and 2 mol% H3PW;,040.45-60°C, 25 kHz, 100 W input power for 5h.

In GC/MS analysis 2 peaks were observed in the range of retention time of 39.42 to 39.86
minutes identified as di-ketones (Figure 3-24). The beta-fragmentation of diketone cis and trans was

identified in the mass spectrum of the two different peaks. Such suggests a new pathway

mechanistic when applied high intensity ultrasound. H
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Figure 3-24. Chromatogram and mass spectrum of cis/trans diketone intermediate specie.



Therefore, we can conclude that ultrasounds not only catalyse the oxidative cleavage
reaction but also the ketonization of the diol intermediate (20 % in GC-FID peak areas).

Estolides and acetals species from the oxidative cleavage of oleonitrile were ide ntified by 1H-
NMR and GC-MS.
Once the first oxidative cleavage products, aldehydes, start to be formed, and the diol intermediate
is still presentin the reaction media; the acidic medium conditions, pH=1, catalyse s the acetalization
and ketonisation (when ultrasounds are applied) of diol intermediate species (Scheme 3-9).
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Scheme 3-9. Acetalization of diol intermediate formed.

Also, in the oxidative cleavage of oleonitrile, we were able to identify by GC-MS, the acetals formed

with different carbon chain lengths (Figure 3-25). This result can be explained by the loss of a carbon

through Bayer-Villiger oxidation.
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Figure 3-25. GC-MS spectrum of intermediate acetal specie with different carbon chain lengths.
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Scheme 3-10. Bayer-Villiger oxidation.



Through successive alcohol oxidations and concomitant Bayer-Villiger oxidation, the species

with one carbon less can be formed.
The estolides and acetals species from oleic acid, 1-decene, decen-(1)-oic acid and decen-

(1)-oate were only identified on the analysis of the crude mixture in H-NRM and 3C-NMR

spectroscopy (Figure 3-26).
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Figure 3-26. 1H-RMN crude organic phase from oxidative cleavage of oleic acid.

3.3.4 Reaction mechanism (some considerations)

The studies pursued on the oxidative cleavage of unsaturated fatty compounds in presence
of a catalytic system H,02/ H2WOa4or H3PW1,040, demonstrated that the reaction in acidic conditions
and in presence of ultrasounds may generate different mechanistic pathways, producing higher
molecular weight molecules which can be an important constraint in the reaction proceeds and
consequently restrict the obtention of higher monomer yields.

Beyond the oxidative cleavage of oleonitrile, these intermediates were never identified in
the chromatographic method applied. Their discovery explains the mass not quantified by the
chromatographic method missing in the mass balance of the reaction.

The oxidative cleavage of unsaturated fatty compounds with H,0; was extensively studied
by different authors [14,23]. The most widely accepted is the reaction mechanism proposed by

Noyori et al [23], which includes the epoxidation of C-C double bond of the monounsaturated



compound, giving the peroxidic character of the catalyst, epoxide (2) hydrolysis to afford 1,2-diol
(4) intermediate and oxidation of 1,2 diol affording the first oxidative cleavage products, the
aldehydes (5 and 6), and finally, through Bayer-Villiger oxidation to produce the final carboxylic acid
(7 and 8) products (pathway a, Scheme 3-11). However, in the literature fewerare the authors that
highlight the formation and importance of by-products as well the different mechanistic pathways.

In our experiments we observed, only in the experiments carried by sonication, the
formation of an intermediate di-ketone (pathway b, Scheme 3-11).

Antonelli et al. [14] suggested, as mentioned in chapter one, the formation of an
hydroperoxide specie which, by thermal decomposition, would afford the di-ketone intermediate
also detected in our experiments under sonication. In 1921, Sharpless did also already mentioned
the production of diketones oxidised by KMNO4 and later Lee et al. [24] suggested that the dione
takes place via an abstraction of hydrogen atom in analogy with the oxidation of alcohols (Scheme
3-12). In their application of ultrasounds in a binary heterogeneous mixture, for the scission of
monoenic fatty acids, Rup et al. [4] also describes the existence of this intermediate when a

ruthenium catalyst is applied in the system.
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Scheme 3-11. Oxidative cleavage mechanism and by-products formation according to our experiments under

sonication and in silent conditions.
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3.3.5 Solventinfluence
We studied the oxidative cleavage of oleic acid and 1-decen in solvent conditions. We used
tert-butanol, highly described in the literature as radical scavenger and octanoic acid. In case of 1-

decen we tested pelargonic acid and decanenitrile as the reaction solvent (Scheme 3-13).

2 mol% H3PW12040 0] (0]
R/_\-FR - )J\M/Rz
! 72 35 wt% H,0, R OH Ry -

R4=H,(CH,);CH3 i) solvent

ii) 2mol% CyqH3sNBr.H,0O
R,=CH;, COOH g R

A=85°C

t=5h

Scheme 3-13.0xidative cleavage of oleic acid or 1-decen. Reaction conditions: Oleonitrile, 2 eq% H,WOQO,, 6

eq. H,0,, 24h, T:90°C i) solvent tert-butanol, octanoic acid, pelargonic acid or decanenitrile ii) 2 eq %

cetylpiridinium bromide solvent-free. Eq: mol reactant/mol monounsaturated compound.

Surprisingly in presence of octanoic acid, pelargonic acid and decanenitrile, the conversion
of oleic acid and 1-decen was low. Through the quantification of H.O, during the reaction time we
observed a decrease of 20 wt% already in the first minutes of reaction.

With the results obtained we can assume that the decomposition of hydrogen peroxide is
favored when substrate with acid function are presentin the reaction media. Such result shows that
this might be not the bestsystem to produce high % of monomers in industrial scale once whenthe
pelargonic acid is produced during the reaction, the decomposition of H,0: is favored instead of the

oxidative cleavage (Table 3-25 and Table 3-26).



PA AA Conversion

Solvent
(%) (%) (%)
tert-butanol 20 23 100
Octanoic acid 0 0 10
Solvent-free
55.5 62.1 100

conditions

Table 3-25. Pelargonic acid and azelaic acid yield obtained in the oxidative cleavage of oleic acid in solvent
and solvent-free conditions. Reaction conditions: oleic acid, 2 eq% H3;PW;,0,0, 6eqg. H,0,, 2eq %
cetylpiridinium bromide (in solvent-free conditions), 2 eq. mol solvent to oleic acid (no PTA added). Eg.: mol

reactant/mol monounsaturated fatty acid.

PA Conversion
solvent
(%) (%)
Decanenitrile 0 0
Pelargonic acid 0 0
Solvent-free 35 100

Table 3-26. Pelargonic acid yield obtained in the oxidative cleavage of 1-decen in solvent and solvent-free
conditions. Reaction conditions: oleic acid, 2 eq% H3PW1,040, 6eq. H202, 2eq% cetylpiridinium bromide (in
solvent-free conditions), 2 eq. mol solvent to oleic acid (no PTA added). Eg.: mol substrate/mol

monounsaturated fatty compound.

3.3.6 Continuous system

Overall, the oxidative cleavage of oleonitrile under sonication afforded satisfactory results
at lower temperature than applied in conventional batch methodology and in the absence of a
phase transfer agent, in that sense, we decided to study the viability of the catalytic systemin a
continuous flow apparatus (Figure 3-27) under sonication.

We built the apparatus in a semi-continuous system where, firstly a stirrer tank reactor
(STR1) was charged with oleonitrile and continuously fed dropwise with an oxidant mixture
comprises of 35 wt% H>0; and a tungsten-based catalyst for 2h. The reaction media was heated at

90°C for these two hours. After the end of addition of the oxidant solution the reaction media was



pumped through the ultrasound reactor with a flow of 10 or 20 mL/min and finally collected in a

second stirrer tank reactor (STR2 cooled at 35°C) to control the reaction aftersonication. We tested

the influence of ultrasonic amplitude, contact time and temperature of the medium before

sonication in the reaction proceedings (Figure 3-27).
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Figure 3-27. Oxidative cleavage continuous flow system.

After2h in STR1 we cooled down the reaction media until 35°C in order to avoid any reaction in the

circuit from the STR1 to the ultrasonic system. We proceeded for a total of 5 cycles (Figure 3-28).

We observed an increase of temperature (14°C approximately) of the reaction media associated

with the application of ultrasounds.
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Figure 3-28. Temperature variation before and after sonication.



With the increase of the liquid temperature to 72°C, before sonication, a substantial improvement

was observedin the kinetic of reaction (Figure 3-29).
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Figure 3-29. Oxidative cleavage of oleonitrile reaction profile. A- liquid at 35°C before sonication, B-liquid at

70°C before sonication.

3.3.6.1 Ultrasonicamplitude and contact time variation in flow conditions

We studied the influence of variation of amplitude in conversion of oleonitrile. We observed
an improvement of 12% and 15% oleonitrile at 50W and 100W compared with 5% obtained in silent
conditions. However, only 1-2% improvement on the conversion of oleonitrile was obtained by
increasing the ultrasonic contact time from 0.9 to 1.8 minutes and at different amplitudes (Table

3-27).



% 120-15T

trial time Amplitude Flow (mL/min) % ON conversion
cycle

120! 68

1 Silent 5
1352 73
120! 45

2 50% 11
1352 56

20

120! 62

3 Silent 4
1352 66
120! 63

4 100% 12
1352 75
120! 46

5 Silence 3
1552 49

10

120! 45

6 100% 15
1552 60

Table 3-27. Conversion of oleonitrile before and after one catalytic cycle in silent conditions and with a total

sonication of 0.9 to 1.8 minutes and input power amplitude of 50% (50 W) and 100% (100 W). - Reaction

time in STR1, 2- Reactiontime after 1 cycle.

By comparing the conversion obtained, after 5h in silent conditions, we can assume that the
ultrasound technology does have a positive impact in the conversion of oleonitrile, once in 6
minutes of total sonication time and at lower temperaturesthan in batch conditions, we were able

to obtain similar conversion (75%) as in conventional conditions at 90°C using a stirred tank reactor

with mechanical agitation (Table 3-28).



ON Nitrile Pelargonic Nitrile
System Temperature nonanal
conversion aldehyde acid acid

Batch
reactor
90°C 98 % 31 % 28 % 18 % 15 %
(mechanical
agitation)
Continuous

sonication 70°C 90 % 28 % 29 % 4% 5%

system

Table 3-28. Batch mechanical agitation vs Continuous sonication system.

Nonetheless, the results obtained does not sustain the applicability of ultrasound in an industrial

process for the oxidative cleavage with the catalytic system described.

34 Conclusion

It has been proved that mass transfer across the phase boundary of a multiphasic systemis
substantially enhanced through acoustic emulsification. The aim of our work was to exploit
sonochemical methods to overcome mass transfer and time limitation of conventional oxidative
cleavage reaction in monounsaturated MUFAs and derivatives.

Significant results were obtained with an ultrasonic horn, working at frequency of 25 kHz
and 100W of input power. With this systemwe were able to reduce 1) the reaction time from 24h
to 5h, 2) the concentration of H.0, from 70% to 35%, 3) reduce the working temperature from 90°C
to 60°C but also 4) to achieve the desirable monomersin the absence of an emulsifier. The oxidative
cleavage products of oleonitrile were obtained at similar monomer yields of 40% (pelargonic acid)
and 45% (8-cyanooctanoic acid) than in batch conditions at 90°C and 24h reaction time in presence
of a PTA. However, the monomer yield attaint was not satisfactory.

With our experiments we discovered that the acidity of the medium due to the catalyst
applied and the constitution of the monounsaturated fatty compound enhances the decomposition
of H0. instead of the oxidative cleavage itself. Also, can generate higher molecular weight
molecules, which viscosity hampers the mass transfer in the reaction medium. However, the

formation of high MW molecules can be valorised. The same reaction system can be optimized to



be foccus on the production of high molecular weight acetals which can beisolated and hidrolysed

to obtain the aldehydesintermediates which are much more valuable than the carboxylic acids. On

the other hand to afford the carboxylic acids, a systemin two steps would be preferred. Firstly, the

synthesis of the diol intermediate, secondly increase of pH in reaction medium and concomitant

oxidative cleavage with other oxidant than hydrogen peroxide, such as oxygen.
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Chapter 4. Raney-Nickel catalyst recycling
for the obtention of high-value amino-ester

Mmonomer



4.1 Introduction

Amino compounds find applications in several different markets. Compounds with amine
substituents can be used in resins [1], rubbers [2], dyes[3], in the pharmaceutical industry as
analgesics like Morphine [4] and emulsifiers[5]. An example is the dodecylamine and
octadecylamine, readily available and cheap, prepared on a large scale from nitriles of fatty acids
(lauric and stearic).

The nucleophilic nature of amines confers high reactivity, making them of crucial interest in
the polymer industry. Along with amino acids, diamines from renewable sources are potential
polymers building blocks.

The synthesis of diamine building blocks is mostly accomplished by the efficient
heterogeneous catalytic hydrogenation of nitrile compounds extremely reported in several
publications [6-8].

The most known application of diamine monomer is the production of Nylon 6,6 trough
adiponitrile hydrogenation obtained from adipic acid with approximately 1.5 million tons/year

(Scheme 4-1).

N\\ —>4H2 /\/\/\/NHZ
SN HoN

Adiponitrile (ADP) Hexamethyldiamine (HMD)

Scheme 4-1. Adiponitrile hydrogenationreaction.

Hydrogenations of nitriles are usually performed in the liquid phase at high temperatures
and high hydrogen pressures in presence of heterogeneous transition metal catalysts.

On the paper, the hydrogenation of nitriles to amines is barely simple (Scheme 4-2):

R_CEN + 2 H2—> R-CHZ'NHZ

Scheme 4-2. Reduction of nitrile to amine by hydrogenation.

However, the experimental reality is highly more complex. The selectivity of the reaction can
be extremely affected and limited by the possibility of by/co-products formation.

Starting with Sabatier and Senderens [9], the chemical principles and mechanisms of
hydrogenation of nitriles has been investigated by many authors [10-12]. In the Sabatier’s and
Senderens’s studies of alkylnitriles hydrogenation and on Mignonac [11] studies of aromatic nitriles

hydrogenation both agree in the existence of an intermediate imine. Mignonac, supported this
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statement by the identification of the hydrobenzamide (3) which he suggested that would be a
product of three molecules of benzaldehyde imine (2) and concomitant obtention of secondary

imine (4) and benzylamine (5) through hydrogenolysis (Scheme 4-3).

3
Crom — ) g — (paaeen )| v

1 2

Scheme 4-3. Hydrogenation of benzene nitrile with di-imine intermediate formation (3).

Reaction complete mechanism was firstly proposed by von Braun et al [13] and later
modified by Greenfield [10].

Greenfield [10] studied different catalysts transition metals based such as Co, Ni, Pt, Pd, Rh
and Ru in the hydrogenation of butyronitrile to amines in methanol solution. The higher yields of
butylamine were found in the experiments where Nior Co catalysts were usedyielding, without any
alkaline additive, 81 and 79 % of primary amine, respectively. In these experiments, it was found
that by adding ammonia in the reaction media, the ratio of primary to secondary amine significantly
increased in the case of Niand Ru based catalysts obtaining the yields of 97 and 89 %, respectively.

Good results were also achieved with other alkaline additives such as NaOH and sodium
carbonate. However, it was observed that the reaction rate was highly reduced, even when low

concentrations were applied (Table 4-1).



mole mole mole mole
Alkaline Time vyield vyield vyield vyield
additive (hr) nitrile BuNH2 Bu;NH BusN
(%) (%) (%) (%)

- 0.8 - 81 16 -
NHs 0.7 - 96.5 3.5 -
Na2COs3 2 - 92 8 -
NaOH 6.3 - 91 9 -

Table 4-1. Hydrogenation of butyronitrile to obtain butylamine. Ni catalysts 50% Ni on kieselguhr, Girdler G-49B, 125°C,

Methanol asasolvent[10].

Onthe otherside, catalysts platinum and palladium-based proved their efficiency for tertiary
amine formation in water solution and the presence of ammonia.

More recently, researchers have sought to develop metal-supported catalysts without the
presence of any additive. Segobia et al. [14] argue that the addition of ammonia affords concerns
regarding the corrosion and additional costs of separation or disposal thereof. They reported the
use of supported catalysts based in Ni, Co, and Ru in SiO; in the absence of alkaline additives in the

hydrogenation of unsaturated cinnamonitrile.
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4.1.1 Nickel—Devil’s Copper

Firstly discovered by Cronstedtin 1751 [15], Nickel found application in catalysis, as aluminium
nickel, ammonium nickel hydrates, nickel halides, nickel metals and Raney® Nickel catalysts.

Reduction reactions can be traced back to Wilde’s hydrogenation of acetylene into ethylene
and ethane in 1874. However, itwas only in 1899, afterthe discovery of Ni(CO4) complexes by Mond
in 1888 [16], that Sabatier and Senderens established for the first time nickel-based hydrogenation,
converting unsaturated organic molecules into corresponding saturated compounds by passing the
vapor of organic molecules and hydrogen over hot, finely divided nickel [9]. The organo-nickel
chemistry Era had begun.

Nickel-based catalysts have proventheir effectivenessin severaltypes of reactions, including
cross-couplings [17], methanations [18,19], nucleophilic allylations [20], oligomerisations [21,22],

hydrodeoxygenations [23] and hydrogenation processes [24].

4.1.1.1 Raney catalysts

Raney catalysts are widely usedin the industry due to their high activity, technological ability
and relatively low cost. Traditionally they are made by leaching of a non-noble component
pyrometallurgical alloys (PM).

Hydrogenation reactions can be pursued using heterogeneous Raney® nickel catalyst, which is
the most popular catalyst in the field. Invented by Murray Raney in 1927 [25], the catalyst is
prepared by leaching a doped Niand Al alloy with a sodium hydroxide solution.

Raney’-nickel catalysts, also known as sponge Nickel, have magnetic properties [26]. These
catalysts are designated in forms W1 to W8. The differences in these catalysts are the varied
activities that they show, which are the result of different preparation methods; alloy composition,
NaOH concentration, the temperature at which the alloy is added to the basic solution, the
temperature and duration of alloy digestion after addition to the base, and finally the method used
to wash the catalyst from the sodium aluminate and excess base [27]. Type W6 [28] is the most
active catalyst and has several well-known advantages, including high activity and selectivity, but its
poor stability and short lifetime mean that catalyst replacement is required, which entails high costs

and environmental impact.
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This method includes the cast of a Nickel and aluminium ingot of 50:50 wt% composition with
a subsequent crush to a fine particle size of the order of 50-100 um. The Ni-Al powder is
consequently leached using aqueous sodium hydroxide solution to remove the aluminium (caustic

leaching) Scheme 4-4 [29].

Z(Nl - Al)(s) + ZOH(_aq) + 6H20(l) -2 Nl(s) + ZAZ(OH);(aq) + 3H2(g)

Scheme 4-4. Nickel aluminium leaching.

4.1.1.2 Applications

Nickel sponge type catalysts are used to the obtention of high-value monomers such as adipic
acid through benzene reduction, performed in the slurry phase, to obtain cyclohexane, which is
subsequently oxidised to adipic acid [30] or sorbitol also produced via the catalytic hydrogenation
of glucose over Raney®-nickel catalysts [31]. Another example of products that are obtained using
this catalyst can be found in di-amine monomers, which are produced via the reduction of di-nitriles,
such as in the reduction of adiponitrile to hexamethylenediamine [6]. A further example is the use
of this catalyst in the preparation of amino-ester monomers, such as methyl11-aminoundecanoate,
from 10-cyanodecenoate [32]. Methyl 11-aminoundecanoate is the alternative monomer used for

the production of polyamide 11 ( Rilsan ®) [33].

4.1.1.3 Advantages

Due to its high specific surface area (BET) (varying from 20 to 100 m2), Raney Nickel is
extremely reactive. Its production has low cost compared with precious metal catalysts and it is
easily removed from the product due to its high density (8.9 x 103 kg.m-3) and ability to customize

composition and add promoters.

4.1.1.4 Disadvantages

Powdered Raney Nickel cannot be applied in fixed-bed reactors and after the reaction must
be separated from the reaction medium by costly sedimentation and/or filtration. Therefore, a
variety of processes for preparing fitted items to be performed as fixed-bed catalysts have been
disclosed such as the preparation of granulated catalysts prepared by crushing the alloy to the
required size range with concomitant catalyst reactivation or the preparation of extruded Raney-

Nickel catalysts by the addition of other metals such as Cu and/or Cr [34].



Nowadays an increased number of researchers have devoted their work in the production of
Raney Nickel properly shaped, to be adapted to fix-bed reactors. The research is focused in the
activation of the superficial layer of granular Raney alloys by adding different substances into
catalyst alloy [35] or even by adding polyamides, such as PA 6, to support the catalyst, as it is
described in the Haibin Jiang et al [36] work.

Raney Nickel catalytic activity is hard to control and during its application it is inevitable that

degradation of catalyst occurs, Al>Os is released and its acidity can lead to side reactions.

4.1.1.5 Deactivation mechanisms

The low stability and catalyst lifetime are compensated by the outstanding properties of
Raney-Nickel, such as high activity and selectivity.

Catalyst deactivation is a pervasive issue resulting in the loss of catalytic reaction rate, loss of
catalytic activity, and selectivity over time. Industrially such a phenomenon can representa cost of
billions of dollars per year as it demands catalyst replacement and process shutdown.

Deactivation is caused by several factors: chemical (poisoning, vapor compound formation
accompanied by transport, and vapor-solid and/or solid-solid reactions); mechanical (fouling and
attrition/crushing); thermal (thermaldegradation); and sintering (agglomeration of metal particles).
Regarding to Raney-Nickel catalysts it is for example known that a catalyst in the W5 form can lose
its activity after about a week of storage in ethanol, due to the formation of acetaldehyde, which
poisons the catalyst [27].

In nitrile hydrogenations, Raney®-nickel deactivation is caused by chemisorption through

multiple bonds and nt-back bonding.

4.1.1.6 Reactivation mechanisms

As mentioned before, Raney-Nickel catalysts can be one of the costly ingredients in the
chemical process where is applied. The industrial requirement is that the catalyst should be
reactivated after deactivation to recover its capabilities to a significant level. Meanwhile its
reactivation it is not always equal depending upon a multitude of factors, such as, the nature of the
contaminants and present level of hydrogenation capability of the catalyst. Generally, the process
of reactivation involves a loss of 5 to 40% of the material due to the removal of oxidized Nickel and

contaminants/residues of reactants.
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The most common procedures for exhausted (inactive) Raney®-nickel recycling include acidic
treatment (acetic acid at 20-50°C) or treatment with non-oxidising aqueous alkaline solution (NaOH
at 40-150°C). More recently, Haoliang Ping et al., have proposed a regeneration method that
involves coke elimination with water, from 300°C to 450°C, for a catalyst that is deactivated during

the dehydrogenation of cyclohexane.

4.2 Aim ofthe work

In 2014 the team of Johan Bidange, Jean-Luc Dubois and Jean-Luc Couturier et al; studied
the production of methyl-10-cyanodecenoate by ruthenium catalysed ethenolysis of oleonitrile
affording 9-decenitrile [37-40]. Arkema has being investigating, in the past years, the obtention of
unsaturated products by cross metathesis [41]. In this study, the 10-cyanodecenoate was obtained
from cross metathesis of methyl-9-decenoate with acrylonitrile. Below we describe the different
process steps for the production of methyl -11-amino-undecanoate, an alternative monomer to

synthesize the Polyamide 11 (Figure 4-1).
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Figure 4-1. Production of PA11.

In previous work, the synthesis of amino-esters from nitrile-esters was tested with different
catalysts such as Ru, Co, Nickel and Raney-Nickel catalysts [42].

The main objective of our work was to study the deactivation and reactivation mechanism
of a commercial Raney-Nickel catalyst, as it deactivates faster in the hydrogenation of 10-
cyanodecenoate. Herein we describe the efficiency of three different Raney-Nickel reactivation

procedures: solvent wash, sonication or under hot hydrogen and its application in the
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hydrogenation of methyl (9Z)-10-cyano-9-decenoate (UNE11l) to produce methyl-
aminoundecanoate (AE11).

The main purpose of the work was to study the catalyst reactivation and its deactivation
mechanisms; however, herein, we also propose a kinetic modelbased on data from the experiments
pursued to obtain the highest catalyst deactivation. To more accurate kinetic study, more precise

experiments should be produced.

4.2.1 Safety consideration

Caution!!

Particular attention must be paid when handling Raney°-nickel because it is self-heating and
spontaneously ignites upon contact with air (pyrophoric nature). This phenomenon s caused by the
high dispersion and strong lattice distortion of Raney®-nickel. Moreover, the hydrogen that is
contained within, and its consequent gas desorption, can lead to self-ignition. For these reasons,
contact with air must be prevented by keeping the catalyst wet within liquids, such as water.

Raney®-nickel should NEVER be thrown into a waste receptacle, and always deposited in

special waste disposal equipment.

135



4.3 Materials and Methods

Chemical Reactants

The solvents, methanol, toluene and methylcyclohexane, were purchased from Merck-
Sigma Aldrich and VWR chemicals. Methyl (97)-10-cyano-9-decenoate 98% was produced in the
R&D laboratories of Arkema Rhone-Alpes Research Center - France (CRRA). The Commercial catalyst
Raney’-nickel 4200 (W.R. Grace and Co. Raney®) was used, as a slurry in H,0, as the heterogeneous

catalyst for the synthesis of amino ester monomers.

4.3.1 Instrumentation and acquisition parameters

Chromatographic analysis

Gas chromatography was performed using a gas chromatograph 6890 Series GC System
Agilent equipped with a flame ionisation detectorand an autosampler. 1 L aliquots of the samples
were injected. The retention gap was attached toa 30 m x 0.530 mm ID column filled with a 1.0 pm
film thickness Rtx®- 200 stationary phase. The initial oven temperature of 60 °C was increased to
165 °C at a rate of 15 °C/min, thento 200 °C at a rate of 4 °C/min and then finally increased to 300 °C
at a rate of 25 °C/min. The injector and detector temperatures were set at 230 °C and 320 °C,
respectively. Helium was used as the carrier gas for the mobile phase at a flow control from 3.5 mL
for 8 minutes and increased to 6.0 mL/min with a rate of 0.25 mL/min/min and hold time of 22
minutes. The column was backflushed at 320 °C for a total of 4 void volumes after every run to
preventthe appearance of ghost peaks from previous runs.

The peakarea % of AE11 specie was assigned with an uncertainty of +/-4 % (2*¥*RSD=20). The
same relative standard deviation was assumed for the other products.

Fourier Transformed Infrared (FTIR) spectra were recorded in transmission mode at a
resolution of 2.0 cm! and by acquiring 60 scans on a Perkin-Elmer 2000 spectrometer (equipped
with a MCT detector).

GC/MS analysis were performedin a GC Agilent 6890 (Agilent technologies, Santa Clara, CA,
USA) accoupled with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of
0.25 mm and 0.25 pum of film thickness HP-5 5% PhenylMethylSiloxane stationary phase. The initial
oven temperature of 60 °C was increased to 165 °C at a rate of 15 °C/min, then to 200 °C at a rate
of 4 °C/min until 200°C and then finally increased to 300 °C at a rate of 25 °C/min with a hold time

of 10 minutes. The injector and detector temperatures were set at 250°C and 280 °C, respectively.
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Helium was used as the carrier gas for the mobile phase with a flow of 1.3 mL/min. The
column was backflushed at 300 °C for a total of 3 void volumes after every run to prevent the

appearance of ghost peaks from previous runs.

FTIR Measurements on Raney Nickel catalyst

The samples in the form of powders suspendedin H.O were deposited by dropping the
solution directly on a KBr pelletthat was fixedin a cell allowing thermal treatments in controlled
atmosphere and spectrum scanning at controlled temperature (from 90 K up to RT). The cell was
connected with a vacuum line.

The samples were outgassed at room temperature for 10 minutes to remove water and
then cooled at 90 K under outgassing before CO adsorption at low temperature. The spectrum of
the sample before the inlet of the probe was used as background for each spectrum of adsorbed

Co.

ICP/MS analysis

Micro-analysis was performed using ICP MS ICAP Qc thermo with S10 auto sampler. The
samples were digested with a solution of chloridric acid and nitric acid in the proportion of 4:1.
The internal standard solutions of Ni and Al were prepared from 5ug/l — 10 pg/l — 20 pg/l and 50
w/l.

4.3.2 Hydrogenation of methyl 10-cyanodecenoate (UNE11)

The hydrogenation of UNE11 was performed in a 300 cm3 stirred batch reactor. The
temperature was controlled automatically by heat exchange via the wall and a cooling coil. The
reaction media was agitated by a gas-inducing Rushton turbine. The autoclave was also linked to a
ventline, which can sustain pressure at 0-200 bar, and itself connected to a Yokogawa recorderand

a manometer.
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4.3.3 Treatment of Raney®-nickel catalyst

Commercial Raney®-nickel is usually stored in water in order to minimise surface oxidation
and delay the catalyst-aging process. The extraction of the water that remains in the catalyst entails
washing with methanol (3 x 10 mL), followed by 3 x 10 mL of the chosen solvent. We considered the
catalyst weight to be constituted by those of the final washing solvent and the catalyst itself in 50

wt% in solvent (estimated).

4.3.4 Reaction setup

The operating conditions usedin the various experiments are reported in Table 4-2. Solvent,
catalyst and (97)-10-cyano-9-decenoate were poured into the reactor to a maximum volume of 180
c¢cm3, and gaseous ammonia was then added. The reaction was carried out at constant pressure,in
the 40-60 bar range, by manual hydrogen feed regulation. The temperature was set to 90°C.

Hydrogen consumption lasted 3h (Table 4-2).

Stirrer speed (tr/mn) 1000-1500
UNE11 concentration (wt % to solvent) 30, 40 and 50
Toluene or
Solvent
Methylcyclohexane
Temperature (°C/ K) 90 °C (363 K)
Reaction time (min) 120-180

Catalystloading
2,5,10and 20 wt %
(dry eq. wt % related to UNE11)

NH; (equivalents to UNE11) 0.9to1.15

Table 4-2. Hydrogenation of (92)-10-cyano-9-decenoate to methyl-11-amino-undecanoate reaction conditions.

4.3.5 Ultrasound reactivation set-up

The catalyst reactivation experiments under sonication were performed in a round bottom
flask placed in an ultrasonic cleaning tank with ultrasonic mono-frequency module generator at 25
kHz and multi-frequency module generator at 40, 80, 120 kHz (SONIC DIGITAL MULTI). Cavitation
density changes with the position in the tank. In order to precisely locate the flask where the highest

energy density and cavitation distribution would be applied, we used an aluminium foil to determine
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the right position for a more efficient sonication. Cavitation phenomenon’s more aggressive, higher
energy density, such as jetting cavitation can be observed by the appearance of holes in the foil
sheet.

The reaction species were identified and quantified (peak areas %) by gas chromatography
with flame ionisation detection (FID). Reaction samples were prepared at a concentration of 66

uL/mg in CHCls.

4.3.6 Instrumentation and acquisition parameters

Chromatographic analysis

Gas chromatography was performed using a gas chromatograph 6890 Series GC System
Agilent equipped with a flame ionisation detectorand an autosampler. 1 L aliquots of the samples
were injected. The retention gap was attached to a 30 m x 0.530 mm ID column filled with a 1.0 um
film thickness Rtx®- 200 stationary phase. The initial oven temperature of 60 °C was increased to
165 °C at a rate of 15 °C/min, thento 200 °C at a rate of 4 °C/min and then finally increased to 300 °C
at a rate of 25 °C/min. The injector and detector temperatures were set at 230 °C and 320 °C,
respectively. Helium was used as the carrier gas for the mobile phase at a flow control from 3.5 mL
for 8 minutes and increased to 6.0 mL/min with a rate of 0.25 mL/min/min and hold time of 22
minutes. The column was backflushed at 320 °C for a total of 4 void volumes after every run to
prevent the appearance of ghost peaks from previous runs.

The peakarea % of AE11 specie was assigned with an uncertainty of +/- 4 % (2*RSD=20). The
same relative standard deviation was assumed for the other products.

Fourier Transformed Infrared (FTIR) spectra were recorded in transmission mode at a
resolution of 2.0 cm™ and by acquiring 60 scans on a Perkin-EImer 2000 spectrometer (equipped
with a MCT detector).

GC/MS analysis were performedin a GC Agilent 6890 (Agilent technologies, Santa Clara, CA,
USA) accoupled with a mass detector Agilent Network 5973, using a 30 m capillary column, i.d. of
0.25 mm and 0.25 um of film thickness HP-5 5% PhenylMethylSiloxane stationary phase. The initial
oven temperature of 60 °C was increased to 165 °C at a rate of 15 °C/min, then to 200 °C at a rate
of 4 °C/min until 200°C and then finally increased to 300 °C at a rate of 25 °C/min with a hold time

of 10 minutes. The injector and detector temperatureswere set at 250°C and 280 °C, respectively.



Helium was used as the carrier gas for the mobile phase with a flow of 1.3 mL/min. The
column was backflushed at 300 °C for a total of 3 void volumes after every run to prevent the

appearance of ghost peaks from previous runs.

FTIR Measurements on Raney Nickel catalyst

The samples in the form of powders suspendedin H.O were deposited by dropping the
solution directly on a KBr pelletthat was fixedin a cell allowing thermal treatments in controlled
atmosphere and spectrum scanning at controlled temperature (from 90 K up to RT). The cell was
connected with a vacuum line.

The samples were outgassed at room temperature for 10 minutes to remove water and
then cooled at 90 K under outgassing before CO adsorption at low temperature. The spectrum of
the sample before the inlet of the probe was used as background for each spectrum of adsorbed

Co.

ICP/MS analysis

Micro-analysis was performed using ICP MS ICAP Qc thermo with S10 auto sampler. The
samples were digested with a solution of chloridric acid and nitric acid in the proportion of 4:1.
The internal standard solutions of Ni and Al were prepared from 5ug/l — 10 pg/l — 20 pg/l and 50
w/l.
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4.3.7 Reaction Repeatability

A relative standard deviation (RSD) value of 4.2% for the two essays after catalyst
reactivation under H, pressure at 200°C provesthe repeatability of the reaction.

As mentioned before, in the sample analysis after 1 cycle reaction we detected the dimer
specie. However, after catalyst reactivation under hydrogen atmosphere the species AE11, SNE11
and methyl-undecanote and |, were detected in the solvent solution. This can be an indication that
after one reaction cycle polymeric species are adsorbed to the catalyst peak blocking the cavities of
the catalyst.

Once the catalyst is exposed to hydrogen atmosphere at high temperature the
hydrogenolysis of the polymeric species can occur. The catalyst cavity is no more blocked and the
species that were adsorbed in the cavity desorb and once the reactivation time is too low (1h) to
proceed to the hydrogenation of these compounds, those are detected in the solvent after

reactivation (Table 4-3).

~ 2 x RSD
Trial AE11% X S? Sw
(2 sigma)
1 90.2
2 88.2 90.1 3.7 1.9 4.2%
3 92
Table 4-3. Repeatability experiments tests.
4.3.8 Products characterisation
O Methyl(Z)-10-cyano-9-decenoate (UNE11) (C11H16NO2)
MeO N
7 I m/z: 178, 150, 136, 182.
N
O N Methyl 10-cyanodecanoate (SNE11) (C11H1sNO3):
bz
-
Moo 7
9 m/z: 180, 98, 74.
@) Methyl 11-aminoundecanoate (SNE11) (C11H20NO>):

|\/|eo)kMANH2 m/z: 185, 142, 30.
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methyl (E)-9-((9-methoxy-9-oxononyl)imino)nonanoate(k)

o o
X
Meo)k(‘ﬁg/\N/\Hg)kOMe (C22H39NOa):

m/z: 380, 268.
dimethyl 9,9'-azanediyldinonanoate (Az) ( C22HaoNOa4):

o o)
Meo/m$§;\u/\$gﬂ\0Me

m/z: 382, 228.

O Methyl undecanoate ( C11H21NO3):
MeO)J\(")g/

m/z: 169, 157,143,87,74.

4.4 Results and Discussion?

The hydrogenation of (9Z)-10-cyano-9-decenoate (UNE11l) to methyl-11-amino-
undecanoate (AE11) occurs over two steps. Firstly, the double bond at C9 and C10 is reduced,

followed by the reduction of nitrile group to amine (Scheme 4-5).

o H, N o 2H, o
—_— —_— W
N;/ZWOMe NH; WoMe NH;  HN OMe
UNE11 SNE11 AE11

Scheme 4-5 . Hydrogenation of (9Z)-10-cyano-9-decenoate (UNE11) to methyl-11-amino-undecanoate
(AE11).

According to literature on the hydrogenation of nitrile compounds [43,44], the production
of amines from the reduction of nitrile compounds occurs via the formation of a primary imine, an

extremely reactive intermediate, which, besides the formation of the desired amine, can lead to the

3 From the publication Soutelo-Maria, A. L., Dubois, J.L., Couturier, J.L., Cravotto, G., Regeneration of
Raney’-Nickel Catalyst for the Synthesis of High-Value Amino-Ester Renewable Monomers

(doi.org/10.3390/catal10020229)
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formation of side-products, including secondary imines (more stable). Anumber of varying reaction

conditions were considered, as were the deactivation mechanisms of the Raney °-nickel catalyst.

4.4.1 Reaction conditions

4.4.1.1 Reaction time

As depicted in Table 4-4, the highest production of AE11 was obtained after 180 minutes of
reaction time. The presence of the saturated nitrile ester (SNE11) (62%) after 120 min shows that
the hydrogenation of the nitrile function is the rate limiting step. This is in accordance with the
studies performed by Kukula and Koprivova [43], on the hydrogenation of cis-2-pentenenitrile. The
reaction rate of the double bond from cis-2-pentenenitrile to valeronitrile was the same as that for
valeronitrile to pentylamine. They concluded that the double bond of cis-2-pentenitrile was
hydrogenated while the molecule was adsorbed into the active sites of the catalyst by the nitrile
function [43] . The reduction of nitrile was also much slower using the doped Raney °-nickel catalyst,
which showed higher reactivity for the reduction of C=C double bond than for the reduction of

C = N (nitrile). Other causes for the high reactivity of the C=C bond are its proximity to the nitrile

function and the cis conformation of the molecule (Table 4-4).

t H2 NH3/UNE11 AE11 UNE11 SNE11 |, A; Dimer

trials
(min) bar (mol/mol) % % % % % %
1 180 60 1.15 92 - 3.0 0.09 4.44 -
2 120 60 1.15 36 - 62 0.28 0.27 0.02

Table 4-4. Influence of reaction time on the hydrogenation of UNE11. 60 bar H, atmosphere, 1 eq. NHs (1
equivalent mol of NH; to UNE11), 10 wt % Raney®-Nickel (wt % to UNE11) reaction time: 180 min (trial 1),
120 min (trial 2). AE11: methyl-11-aminoundecanoate, UNE11: (9Z)-10-cyano-9-decenoate, SNE11: methyl-
10-cyanodecanoate. l,: Secondary imine, A,: Secondary amine, Dimer: dimer of the amino-ester. (See
Scheme 4-6 for molecular structure). Percentagesof the reaction species were measured by GC-FID relative

peak area.

The deactivation % (loss of AE11 yield) was calculated using the difference between the GC peak
area % of AE11 formation when the catalyst (cycle 1) was used for the first time and the % peakarea

of AE11 formation in a second cycle (cycle 2) of hydrogenation (Equation 4-1).
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Catalyst Deactivation % = (conv 1 — conv 2) x 100

Equation 4-1. Conv1: Conversion UNE11to AE11 obtained in the 1stcycle, Conv2: Conversion UNE11to
AE11 obtained in the 2" cycle. Deactivation of catalyst between the hydrogenation cycles.

Compared to the experiments carried out at 40 bar H2 (67% AE11 peak area obtained), working
at higherhydrogen pressure (60 bar) led to higher AE11 production (91%). However, higher pressure
caused higher catalyst deactivation. Secondary amine (Az) formation in the experiments performed

at 60 bar (Table 4-5) was higher (4.4%) than at 40 bar of pressure (0.25%).

H, NH3/UNE1l1 AE11 UNE11 SNE11 |, A, Dimer Deactivation

Trials
bar (mol/mol) % % % % % % (%)
1 40 1.00 67 - 30 0.66 0.25 0.03 -
2 40 1.00 41 - 57 0.38 0.39 0.03 26
3 60 1.05 91 - 11 0.09 4.44 - -
4 60 1.10 47 - 50 0.19 0.91 - 44

Table 4-5. Influence of H, pressure. Trial 1 and 3: first cycle catalyst hydrogenation of UNE11 at 40 and 60
bar H, atmosphere. Trials 2 and 4: Second cycle catalyst hydrogenation of UNE11 at 40 and 60 bar H,
atmosphere without any type of reactivation. AE11: methyl-11-aminoundecanoate, UNE11: (9Z)-10-cyano-
9-decenoate, SNE11: methyl-10-cyanodecanoate. l,: Secondary imine, A,: Secondary amine, Dimer: dimer
of the amino-ester. (See Scheme 4-6. Hydrogenation of UNE11 to AE11 and corresponding side-reactions.
Formation of a secondary amine and tertiaryamine: (a) via condensation between two primary imines; (b)
via condensation amine-imine. Dimer formation (c) via condensation of two AE11 molecules. UNE11: (92)-
10-cyano-9-decenoate, SNE11: methyl-10-cyanodecanoate, AE11l: methyl-11-aminoundecanoate, 12:
secondaryimine, A2: secondary amine, Dimer: dimer of the AE11. Mechanism based on Krupka and PaseKs
publication [21].for molecular structure). Percentages of the reaction species were measured by GC-FID
relative peak area.

These results suggest that the catalyst deactivation mechanism is related to the adsorption
of the secondary (A.) and tertiary (As;) amines onto the catalyst surface, and that the active sitesare
blocked by steric hindrance. In further investigation, it would be possible to isolate a
secondary/tertiary amine larger amount and use it to pre-treat a fresh catalyst in order to validate
this hypothesis. The formation of a secondary imine (I,) can be explained by the nucleophilic addition

of the primary amine (AE11) to the a-carbon of the aldimine intermediate (pathway b) or via imine—



imine nucleophilic addition (pathway a). The secondary amine (A2) can be obtained via the
hydrogenolysis of the diamine intermediate or hydrogenation of secondary imine (I,), which is

formed through loss of ammonia of secondary diamine. (Scheme 4-6).
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Scheme 4-6. Hydrogenation of UNE11 to AE11 and corresponding side-reactions. Formation of a secondary
amine and tertiary amine: (a) via condensation between two primary imines; (b) via condensation amine-
imine. Dimer formation (c) via condensation of two AE11 molecules. UNE11: (92)-10-cyano-9-decenoate,
SNE11: methyl-10-cyanodecanoate, AE11: methyl-11-aminoundecanoate, |,: secondaryimine, A,: secondary

amine, Dimer: dimer of the AE11. Mechanism based on Krupka and Pasek’s publication [21].

Dimers from condensation of 2 molecules of AE11 were also detected by GC-MS proving the
co-formation of oligomers during the reaction. In fatty nitrile and dinitrile hydrogenation, Raney
catalysts are usually used, but the Raney-Nickel deactivation is slow compared to present case.
Therefore, it is likely that the esterfunction plays an important role in the catalyst deactivation. The
detection of oligomers with amide function proves that the oligomers also contribute to catalyst

deactivation by physical deposition (Figure 4-2).
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Figure 4-2. Mass spectrum and fragmentation pattern of dimer ester amine at 26 min.

4.41.2 Influenceof UNE11 concentration

T T T
420 440 460

No influence of the concentration of UNE11 was observed as the conversion of UNE11 to

AE11 remained between 92-95% (Table 4-6).

UNE11
UNE11 H; NH3/UNE11 AE11 SNE11 [P A Dimer
Trials cis
wt% bar (mol/mol) % o % % % %
(1)
31
60 1.10 93 - 2.2 0.1 3.7 -
(1.25)
2 40(1.9) 60 0.90 92 - 0.2 0.1 6.1 0.1
52
1.10 95 - 0.1 0.03 3.7 0.3
(2.15)

Table 4-6. the influence of UNE11 concentration on the hydrogenation reaction rate.

AE11l: methyl-11-aminoundecanoate, UNE11l: (9Z7)-10-cyano-9-decenoate, SNE11:

methyl-10-cyanodecanoate, A,: Secondary amine. UNE11 molecular weight (209.29

g/mole) —molar concentration in parenthesis.
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4.4.1.3 Influence of ammonia on the conversion of UNE11

In terms of mechanism [21], AE11 (methyl-11-aminoundecanoate) and the primary imine
(aldimine), are adsorbed on the catalyst surface, but the imine is not detected in the product’s
solution. The secondary amine is formed by the reaction of amino-ester and the primary imine, and
then desorbs from the catalyst into the solution (Scheme 4-6).

The results of the experiments reported in Table 4-7 agree with those carried out by Von
Braun on catalysed nitrile derivatives [25]. In his experiments, it was observed that the formation of
secondary amines was minimized by carrying out the hydrogenation in the presence of ammonia.
The primary imine formed then had less of an opportunity to undergo the reaction (Scheme 4-6 a
pathway to form secondary amine Az) once ammonia was also added to the primary imine in a

competitive reaction forming the gem-diamine (Scheme 4-7).

RCH=NH + NHs R—< NH2
NH,

Scheme 4-7. Formation of gem-diamine.
Underhydrogenolysis, the primary amine is formed ( Scheme 4-8).

H NH
R{NHZ 2 RJ 2 + NH3
NH,

Scheme 4-8. Formation of primary amine from hydrogenolysis of the gem-diamine.

In the presence of NHs, the condensation-reaction equilibrium is shifted to suppress the
formation of the secondary imine, and thus the secondary and tertiary amines. The concentration
of the secondary amine is reduced together with the reaction with the primary amine. Other
possible explanations could be: the selective poisoning in the catalyst or the modification of the
electronic properties of the catalytic metal [45]. Another base, such as NaOH or KOH, is sometimes
used instead of ammonia to reduce the formation of secondary amines. However here this option
was not selected, as those bases can also affect the catalyst as described in the introduction of the
chapter, and it can also interfere with the ester function.

The influence of the NH3 equivalents on the conversion of UNE11 to AE11 is illustrated in
Table 4-7. The lowest conversion of UNE11 was obtained in the experiment with the lowest number

of NHs equivalents (trial 1). Surprisingly, it was also found that a higher number of NH3 equivalents
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(trial 2) gave a conversion that was 22% lower than the conversion obtained in trial 3 with 1.1 eq. A
higher secondary imine percentage was achieved in trial 2 (12%) than in trial 1 (0.55%). One
possibility for this result is that higher concentration of NH3 may inhibits Raney®-nickel, while a too
low ammonia concentration favours formation of heavier side products. The fact that 12%
secondary imine was detected in the bulk solution corroborates this hypothesis. High ammonia

concentration (partial pressure) also means a lower H; partial pressure (Table 4-7).

UNE11

NH3/UNE11 AE11 SNE11 l2 A2

trials cis
(mol/mol) % % % %

%
1 0.70 73 3.9 21 0.55 0.5
2 1.38 75 - 8 12 0.3
3 1.10 93 - 2.2 0.07 3.7

Table 4-7. Influence of equivalents of ammonia on the conversion of UNE11 to AE11. AE11: methyl-
11-aminoundecanoate, UNE11: (9Z)-10-cyano-9-decenoate, SNE11: methyl-10-cyanodecanoate, 12:

Secondary imine, A2: secondaryamine.

4.4.1.4 Solventinfluence on the conversion of UNE11

The application of toluene or methyl-cyclohexane was found to have no significant

difference on the conversion of UNE11 to AE11 (Table 4-8).

AE11 UNE11 SNE11 12 A2

Trials
% % % % %
1 91 - 280 0.02 48
2 93 - 218 010 3.7

Table 4-8. Influence of the solvent on the conversion of UNE11to AE11. Trial 1: hydrogenation
of UNE11 with toluene, Trial 2: hydrogenation of UNE11 with methyl-cyclohexane. AE11:
methyl-11-aminoundecanoate, UNE11- SNE11: methyl-10-cyanodecanoate. |,: secondary

imine and A,: Secondary amine.
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4.4.2 Catalystreactivation

Three different methods were tested for the study of catalyst reactivation: a) catalyst
washing with methanol and with the reaction solvent; b and c) catalyst regeneration under

sonication and d) catalyst regeneration under hydrogen atmosphere.

a) Catalyst washed with methanol and reaction solvent

Afterthe reaction, the catalyst was washed with 3x 10 mL MeOHand 3x10 mL toluene or

only 3x 10 mL toluene and reused for a new cycle of UNE11 hydrogenation.

AE11 UNE11 SNE11 1, A, Deactivation
Trial NH;
% % % % % (lossof conversion)
1 1.12 91 - 2.8 0.02 4.8 -
2 1.15 44 - 54 0.57 1.17 a7
3 1.1 47 - 50 0.19 0.91 44

Table 4-9. Trial 1: hydrogenation of UNE11 first cycle catalyst, Trial 2: hydrogenation of UNE11 second cycle
catalyst, catalyst washed with MeOH, Trial 3: hydrogenation of UNE11 second cycle catalyst, catalyst
washed with toluene. H, pressure: 60 bars. AE11: methyl-11-aminoundecanoate, UNE11: (9Z)-10-cyano-9-
decenoate, SNE11: methyl-10-cyanodecanoate. I,: Secondary imine, Az: Secondary amine, Dimer: dimer of

AE11. (See Scheme 4-6. Hydrogenation of UNE11 to AE11 and corresponding side-reactions.

Formation of a secondary amine and tertiary amine: (a) via condensation between two primary

Trials 2 and 3 prove that the catalyst is deactivated after only a single reaction cycle.

No catalyst reactivation was observed after catalyst treatment with MeOH or toluene.
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b)  Catalyst reactivation under sonication

The catalyst was recovered from the reactor and poured into a solution of MeOH.

The catalyst used in trial 3 and trial 4 (Table 4-10) was immersed in MeOH and sonicated at 120
kHz (input power 100 and 200W). Nevertheless, the conversion of UNE11 to AE11 after catalyst
sonication at 100W and 200W was respectively 10 and 16 points lower than that achieved after the
washing procedure with MeOH and toluene.

GC analysis of the MeOH washing solution after sonication showed AE11, SNE11 and traces

of secondary imine and the secondary amine.

UNE11
AE11 SNE11 Imine A: Dimer Deactivation

trial cis
% % % % % %

%

1 91 - 2.8 0.02 4.80 - -

2 44 - 54 0.57 1.17 0.02 47
3 34 - 65 0.53 041 0.02 57
4 29 0.26 71 0.32 0.39 - 62

Table 4-10. Trial 1: first cycle hydrogenation of UNE11, Trial 2: hydrogenation of UNE11 with catalyst
from 1 recovered and washed with 3x MeOH and 3x toluene, Trial 3: hydrogenation of UNE11 with
the catalyst (from trial 2) reactivated in MeOH solution under 120 kHz, 100W input power, Trial 4:
hydrogenation of UNE11 with the catalyst (fromtrial 2) reactivatedin MeOH solution under 120 kHz,
200W input power. AE11: methyl-11-aminoundecanoate, UNE11: (9Z)-10-cyano-9-decenoate, SNE11:
methyl-10-cyanodecanoate. I,: Secondary imine, A,: Secondary amine, Dimer: dimer of AE11. (See
Scheme 4-6 for molecular structure). Percentages of the reaction species were measured by GC-FID

relative peak area.

The fact that a higher percentage of SNE11 (62% and 50%) than of AE11 (36 and 47%) (Table 4-11)
was detected is an indication that more intermediate nitrile than amine remains on the deactivated

catalysts (desorbed by the ultrasonic treatment in methanol).
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Otherspecies

UNE11
AE11 SNE11 |, A, (higher
Method cis
% % % % retention time
%
species)%
2 18.7 - 44 2.0 14.7 20.5
3 36 - 62 2.39 - -
4 47 - 50 0.2 0.9 1.1

Table 4-11. Method 2: Solution of catalyst reactivationunder MeOH andsilent conditions, method 3: solution of catalyst
reactivation under MeOH, sonication treatment at 120kHz and 100W, method 4: solution of catalyst reactivation under
MeOH, sonication treatment at 120 kHz and 200W. AE11: methyl-11-aminoundecanoate, UNE11: (9Z)-10-cyano-9-
decenoate, SNE11: methyl-10-cyanodecanoate, I2: Secondary imine, Az: Secondaryamine, Dimer: dimerof AE11. (See

Scheme 4-6for molecular structure). Percentages of the reaction species were measured by GC-FID relative peak area.

Higher ultrasonic power (200 W) was deleterious because it totally dispersed the catalyst
into the liquid phase. For this reason, only catalyst sonicated at 100 W was considered for the

following reactivation tests.

c) Caustic treatment

The catalyst from the first cycle was unloaded from the reactor, divided in two fractions and each
used for differentreactivation tests, and treated with a NaOH 0.05 N solution for sonication at a

frequency of 120 kHz and 100W of input powerfor 1h (Table 4-12).
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UNE11 Deactivation
AE11l SNE11 Imine A2 Dimer
Method cis (loss of
% % % % %
% conversion)
1 44 - 54 0.6 1.2 0.02 47
2 44 0.14 54 0.2 0.6 - 47
3 34 - 65 0.5 04 0.02 57
4 60 - 39 0.7 0.9 - 31

Table 4-12. Method 1: silent conditions (without ultrasounds) in MeOH solution, method 2: silent conditions in

NaOH solution, method 3: hydrogenation of UNE11 with catalyst reactivated under sonication, 120 kHz, 100Win a

MeOH solution, method 4: hydrogenation of UNE11 with catalyst reactivated under 120 kHz, 100W in a NaOH

solution. AE11l: methyl-11-aminoundecanoate, UNE11:

(92)-10-cyano-9-decenoate, SNE11l: methyl-10-

cyanodecanoate. I2: Secondary imine, Az: Secondary amine, Dimer: dimerof AE11. (See Scheme 4-6 for molecular

structure). Percentages of the reaction species were measured by GC-FIDrelative peak area.

Higher amount of AE11 (60%) was obtained in the experimentin which the catalyst was

sonicated in the NaOH 0.05 N solution than in the experiment with no sonication (44%) and the

experimentin which the catalyst was sonicated in a methanol solution (34%).

Through ICP analysis of the solution of 1) the catalyst treated under0.025 M NaOH at room

temperature and with mechanical agitation, and 2) the catalyst treated under caustic conditions

under sonication it was observed a loss of 3% Ni from catalyst and only 0.2% of aluminium (Table

4-13). The lose of metal in this kind of treatment is significant.

Lostin Al
Ni Ni Lost in Ni Al Al
Method total mass
mg/ 100g % total mass mg/100g %
(mg)
1) NaOH (silent)  328.7 3 0.3287 19.0 0.2 0.019
2)US 342.7 3 0.3427 20.8 0.2 0.0234

Table 4-13. Quantification of Nickel and aluminium lost in the catalyst treated under caustic treatment at silent

conditions and under sonication, at 120 kHz with 100 W of input power.
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d) Catalyst reactivation under H, pressure

Raney®-nickel was saturated with hydrogen during its preparation, and one of the hypothesis
of catalyst deactivation is the desorption of the hydrogen species present in the active sites of the
catalyst.

Pierre Fouilloux described, in his review [46], the existence of a variety of hydrogen species in
Raney®-nickel catalysts. Using thermal desorption experiments, he found that H; adsorbs onto the
catalyst in reversible and irreversible forms. The two species may correspond to the bridged and
linear adsorptions observed for hydrogenation using the neutron inelastic scattering technique. The
strongly adsorbed hydrogen seems to be inactive in benzene, acetone and acetonitrile
hydrogenations, but the presence of weakly adsorbed linear hydrogen is crucial to the success of
the reaction.

F. Hochard [12], used Temperature Programmed Desorption (TPD) and inelastic neutron
scattering techniques to detect the presence of weakly and strongly adsorbed hydrogen on the
catalyst. In his paper, he claims that only weakly adsorbed hydrogenis active for hydrogenation. He
observed that the nitrile molecule and hydrogen compete for the same active site, during the
reduction of acetonitrile, while the primary amine products of the reaction compete for several
active sites on the catalyst. Although the desorption of the amines from the catalyst should be fast,
they may be associated with the active sites that result from the presence of alumina when
reabsorption occurs [12]. In his experiments, he found that 70 % of the total hydrogen adsorbed in
the solid has been consumed by the reaction at 373 K and that the residual is adsorbed onto the
(1120) and (111) nickel faces. The linear hydrogens were only detected after the re-adsorption of
hydrogen at higher pressure. Multi-bonded species at low coverage are more strongly adsorbed
than hydrogen to linear sites.

The formation of oligomeric/polymeric species on the surface of the Raney®-nickel catalyst can
be an important factor in catalyst deactivation. These species can result from the reaction between
amino esters that are adsorbed onto the catalyst surface, thus blocking the active sites of the
catalyst. Raney catalysts deactivates more slowly in the hydrogenation of fatty nitriles and dinitriles,
where these oligomerization reactions cannot take place, compared to the present case, so it is
quite likely that oligomers adsorbed on the surface, suffer hydrolysis during the reactivation under

hydrogen (Scheme 4-9).
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Scheme 4-9. Polymerisation of 11-aminoundecanoate with formation of n MeOH.

Reactivation Temperature H, Reactivation

assay (°C) (bar) time
a 90 30 60
b 150 30 60
70-
c 200 60
80
70-
d 200 120
80
e 200 0 60

Table 4-14. Assays of catalyst regeneration at 90, 150and 200°C, with/without a hydrogen atmosphere.

Trial Reactivation assay AR
%
blank - 91
1 - 44
2 a 48
3 b 91
4 c 90
5 d 62
6 e 15

Table 4-15. Efficiency of the reactivation experiments testedin a second cycle hydrogenation of UNE11. AE11: methyl-

11-aminoundecanoate.

The catalyst completely recovered its activity after treatment under 70-80 bar at 200 °C, and
at pilot conditions 150 °C and 30 H; bar (trials 4 and 3). The regeneration treatment time is also an
important factor, as a higher treatment time led to the catalyst recovering only 22 points of AE11
conversion (trial 5) compared to no treatment (trial 1). Moreover, no reactivity was achievedin the

absence of hydrogen (trial 6), and higher catalyst deactivation was observed.
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4.4.3 Reaction Kinetics study

In order to measure the kinetics of the reaction and to find the best conditions to achieve
the highest AE11 conversion, the reaction was pursued with different catalysts concentrations.

The experiments were pursued under constant H2 pressure of 40 bars. The H; pressure was
kept constant, by adding minute amounts of H, which was carefully monitored. The H2 moles

number was calculated taking in account that the gas dead volume in the reactor did not change

during the reaction. (Equation 4-2).

_ PV
" RT

Equation 4-2. n: H, moles number in the reaction media, P: hydrogen pressure added to the system, V:

n

dead volume in the reactor, R: gas constant (0.082 bar. mol1. K1) and T: reaction temperature (K).

To precise the moles number of H, consumed over time, we took in account the variation of

temperature and pressure over the reaction time. The H> consumption was obtained by the

difference of moles numbermeasured overtime (Equation 4-3).

APV

ny, consummed over time = RAT = Mex = Me(een)

Equation 4-3. n: H, moles consumption over time. tx: time x, t (x+1): following time measurement.
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In Figure 4-3 The number of moles consumed during the reaction with different catalyst loading
(wt %) is illustrated.

0,275

0,225
o 0,175 —e— No catalyst
g 2 wt%
2 0,125
S 5wt %
v 0,075 -
é // 10 wt%

0,025 |
= | - ) ——30 wt%
T \ /, *v\.\/\.

0,025 ¢'~-- 50 100

time (min)

Figure 4-3. H, moles consumption over reaction time for different catalyst concentration. Reaction time: 130 min,

T=90°C, P=40bars.
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Figure 4-4.Zoom-in H, moles consumption over reactiontime for different catalyst concentration at low residence time,

first 20 minutes.

In the first 10 minutes, the consumption of H2 was similar in the experiments with 2, 5 and
30 wt %. In Figure 4-3 it is possible to observe that, in the first 10 minutes, the reaction is not limited
by the quantity of catalyst loading. Itis also possible to observe that0.021 H, moles were consumed
evenin the absence of a catalyst. The first minutes are limited by equilibrium in H2 dissolution and

ammonia vaporisation.



Through these results we can conclude that the rate of the reaction, at more than 10 wt %
catalyst, is limited by the hydrogen diffusion from the gas phase to the liquid phase and
consequently the reaction is slower.

In our experiments we started to increase the temperature gradually until achieve the 90°C
desired, however these results proved that the temperature is crucial to gas absorption as it sets
the solubility of the gas in the medium. Differently, after 10 minutes with different wt %, the H»
consumption is lower. There is enough H; dissolved in the liquid medium to proceed the reaction
and the wt % catalyst is important as mentioned before.

The H; consumption in the experiment with 30 wt % catalyst demonstrates that the reaction
medium is depleted in Hx by increasing catalyst loading and so higher mass transfer limitation is
observed. Alternatively, with higher catalyst concentration, the local temperature in the catalyst is
so high that side reactions such as production of Az and oligomerisation are privileged, and the
catalyst is deactivated faster. In this case the deposition of species in the catalyst should be directly
proportional to the surface area available in the catalyst.

Due to these results we decided to apply higher pressure in the reaction media (60 bar)

where higher AE11 was obtained compared with the results obtained at 40 bar pressure.

120
100
80

40 UNE11
20 SNE11
0 ™
0 5 10 15 20 25 30

mass
catalyst (g)

AE11 % Relative peak Area

Figure 4-5. % Relative peak area compared with catalyst weight.
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Figure 4-6. Zoom-in from Figure 8. % Relative peak area compared with catalyst weight of 2.26 and 4.65 g.

In Figure 4-5 it is possible to observe that the conversion of UNE11 in AE11 is higher by increasing
the catalyst’s loading. As depictedin Figure 4-6, from 4.65 wt % catalyst UNE11 was 100% consumed
after 3 h of reaction. With 2 wt % catalyst there are not enough active sites to proceed to full
conversion.

Under 40 bars the consumption of H; is lower than at 60 bars of H, (Figure 4-7). This result
show that at 40 bars the reaction is limited by the diffusion of H in the liquid phase. By increasing

the hydrogen pressure, this limitation is overcome, and the reaction rate is higher.

0,44
0,39
0,34
0,29
0,24
0,19 40 bars
0,14 —&— 60 bars
0,09
0,04
-0,01

n H, moles consumed

0 20 40 60 80 100 120
time (min)

Figure 4-7. H, moles consumed profile in the hydrogenation of UNE11 at 40 and 60 bars. Reaction conditions:

10 wt % catalyst loading, 30 wt% UNE11 at 90°C for 130 minutes.

In gas chromatography analysis coupled with flame ionisation detector the concentration of

hydrocarbons is measured. In this case the relative peak area (RPA) is the % of carbon quantified.



Being the relative peakarea (RPA):
a;
a; +a,+2a;+2a, +a;

RPA, =

Equation 4-4. Relative peak areas. ai: moles number of methyl-aminoundecanoate (AE11), az: moles number of 10-cyano-9-
decanoate (SNE11), a3: moles number of secondary amine(A2), as: moles number of secondary imine (I2), as: moles number of 9 (2)-
10-cyano-9-decenoate (UNE11) not reacted.

As described previously there are two possible pathways to produce secondary amine (A»)
and the secondary imine (I2). Through reaction between two primary imines or one primary amine

and one primary imine for this reason the moles number of A and |, corresponds to 2 az and 2 aa.

Being:

a1=RPA1x(a,+a,+ 2a; + 2a, +as)
a;=RPA:x (a,+a,+2a; + 2a, +as)
as =RPAsx (a,+a,+ 2a5 + 2a, +as)
as=RPAsx (a,+a,+ 2a5 + 2a, +as)

Assuming that:

(UNE11)' = a,+a,+2a;+2a,+as+ ag

Equation 4-5. Constitution of UNE11. ai: moles number of methyl-aminoundecanoate (AE11), a;: moles number of 10-
cyano-9-decanoate (SNE11), as: moles number of secondary amine(Az), as: moles number of secondary imine (I2), as:
moles number of 9 (Z)-10-cyano-9-decenoate (UNE11) not reacted, as: moles number of species not identified in the

chromatographicanalysis.

The total H2 moles consumed during the reaction is dependent on the pression variation (AP), on
the volume (we considered the dead volume in the reactor for the calculations) and on the

temperature variation (AT).

PV
total H, moles consummed = ZA (ﬁ)

Equation 4-6. Total H, moles consumed during the hydrogenationof UNE11 to AE11. AP: pressurevariation, V: dead

volume of the reactor (gas volume), R: gas constant, AT: reaction temperature variation.
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Through the Scheme 4-10:

UNE11 + 3 H, — AE11 (a1)
UNE11 +1Hy, — > NE11 (a2)

UNE11 +6 Hy — > A, (az) + NH;
UNE11 +5Hy ——— |, (a,) + NHs

Scheme 4-10. Hydrogen balance for the production of the products and intermediate species of the reaction.

To simplify, we considered that the NHs is kept in the liquid phase.
Nevertheless, as observed in Scheme 4-6 for the production of secondary imine (l2) and

secondary amine (Az), one molecule of NHzis formed so for the hydrogen atoms balance:

PV
ZA(E)= 3a;ta,+4a3+3a,+0a;+3a, &

PV 6 5
PN ZA (ﬁ) - (3 RPA,+ RPA, += RPA; + ERPA4)x (a, +a,+ 2as + 2a, + ag) + nag

Equation 4-7. Total consumption of H, moles during the reaction.
Being:
(UNE11)' = a,+a,+2a;+2a, +as+ a,
Equation 4-8. Consumption of UNE11 regarding the products and the intermediate species in the reaction

media.

The total H, number moles calculated is represented in Equation 4-9 :

APV 6 5 . ZBEV nqq _
" = (3RPA, + RPA, +SRPAs + ZRPA,)x (UNE11)°—ag) +nag T ey
SAPY N
(UNE11)° & BT = +agx(1- = = s
(3 RPAL+ RP Ay +2RP A3 +2RPA,) (3RPAL+ RPAZ+SRPA3+RPA,)
APV
(UNE11)° — RT =
3 RPA,+ RPA, +=RPA, +2RPA,
S aAg = 2 2
6 — n
1= 5 5
(3 RPA,+ RPA, +=RPA; +3RPA,)

Equation 4-9. Moles number of reaction species not detected by GC-FID.
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NE11
Reaction AE11 SNE1l Imine A, Ums AE10 AE11 SNE11l NEllcis Imine
cis
catalyst
0 0.61 0 98.46 - - - 0 0.0013 0.21 0
free
4.41x
2 wt% 2 74.78 0.02 21.51 - - 0.02 0.004 0.165 0.047 .
10™
1.53x
5wt % 9.52 88.88 0.07 0.17 - - 0.05 0.021 0.20 3.7x107* .
10~
6.07x
1owt% 36.03 62.38 0.28 0.23 0.27 - 0.17 0.078 0.14 5.0x107* .
10~
30wt % 67.2 29.68 0.66 0 0.25 0.04 0.28 0.15 0.064 0 1.4x107*

Table 4-16. Relative peak area (%) of the different product and intermediate species detected by GC-FID.

Reaction (UNE11) Zﬁ;"V ag ﬁ% (1 - ﬁ%)
catalyst free 0.22 0 0 0% 100%

2% wt 0.22 0.117 0.075 34% 66%

5 % wt 0.22 0.180 0.066 30% 70%

10% wt 0.22 0.193 0.104 48% 52%

30% wt 0.22 0.223 0.120 56% 44%

Table 4-17. Catalyst free: no catalyst appliedin the reaction medium, (UNE11)°: initial moles of UNE11; ag=

a6

—— 05 = i . ape
W(UNE11) )% = fraction of molecules no identified.

no identified molecules by GC-FID,

Through the analysis of the Table 4-17 it is possible to observe that the number of moles of
unidentified molecules (ag ), increases with higher catalyst loading. Such results suggest that higher
the concentration of the catalyst applied in the reaction medium, higher will be the uncertainty of
the products detected by the gas chromatographic method applied. In the following table it is
described the quantification of molecules not detected by GC-FID (as) assuming:

e n=0, the molecules not identified by the analytical method are not hydrogenated.

e n=0.5 (partial hydrogenation), the molecules not identified by the analytical method are

hydrogenated.
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n=0 n=0.5
a a a a
0 0% 100% 0 0% 100%
0.075 34% 66% 0.20 89% 11%
0.066 30% 70% 0.12 53% 47%
0.073 48% 52% 0.10 48% 52%
0.120 56% 44% 0.15 71% 29%

Table 4-18. a4z number of moles of species not detected by the chromatographic method applied.

a6
n UNEll

ae
nNE

%: % of ag in a total moles number of UNE11, 1 — %: % of species detected by the

chromatographic method taking in account the moles of the products not detected. n is represented in

Equation 4-9.

According the graph represented on Figure 4-8, even at lower catalyst loading (2.26 g) products that
were not identified by the analytical method were quantified. The linearity of the curve showsthat

by increasing the catalyst loading the production of molecules not identified is increased.

0,25
0,2
0,15
$§ .......... L] ® n=0
0’1 -------------------------------- n:O.S
o g - T omso06ns -
ST inear (n=
0,05 R*=0,9033
0
0 5 10 15 20 25 30

mass catalyst (g)

Figure 4-8. variation of moles number of products not identified by the analytical method (a6) with the

catalyst loading in the reaction medium. n=0: a6 not hydrogenated, n=0.5: a6 hydrogenated.

These testsreflect the uncertainties in the chromatographic method applied the variation as

well of Hz pressure measured during the reaction time.



The results obtained for n=0can support the supposition that non-determined reactions can
take place with no hydrogen consumption such as polymerisation of AE11 covering the surface of
the catalyst.

These results allied to the analysis of the solvent catalyst after regeneration with hot
Hydrogen suggest that under catalyst reactivation treatment, the polymeric species are
hydrogenolysed giving place to methyl-undecanoate (Figure 4-9) and amino-ester, released to the
solvent uncovering the catalyst surface. The species such as NE11, AE11, UNE11 detected in the
solution after catalyst treatment under hydrogen atmosphere suggest as well that these molecules
would be trapped, during a first cycle reaction, in the catalyst cavities which would be blocked by
polymerised molecules (Figure 4-10). After unblocking the catalyst cavities by hot hydrogen

treatment, the molecules would be released to the medium and detected in the solution.
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Figure 4-9. Mass spectrum and fragmentation pattern of methyl-undecanoate at 26.32 min retention time.
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Figure 4-10. Catalyst deactivation by polymer adsorption in the catalyst surface and adsorption of UNE11,
SNE11 and AE11 in the cavity of the catalyst.

4.4.4 Theorical Kinetic model

A mathematical kinetic model was developed according the hydrogenation of UNE11.
The following assumptions were made for its production:
- The products of side-reactions were not taken in account.
- H pressure was constant during the reaction time (Hdiffusional limitations in the reaction

media were not take in account).

K1 ko
UNE11—> SNE11———>AE11
A B C

Evaluation of A:
dx
dt
Equation 4-10. Concentration of AE11.

=k(A°—x) © (A% —x) = A% ekt

Evaluation of B:

Equation 4-11. Concentration of SNE11.
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Evaluation of C:

[C] = [A]° - [A] —[B]

Equation 4-12. Concentration of AE11.

H> consumption:

Hyconsumption = [B] + 3[C]

Equation 4-13. Consumption of H,.

To test the kinetic model with our data we applied the relative peak area % obtained by GC-FID

analysis forthe species UNE, SNE11 and AE11. Unknown products are assumed to be side products of

consecutive minor reactions that do not affect the main reactions mechanisms.

A 100-A B C
Starting
100 0 0 0
material
0O wt%
98.46 1.54 0.61 0
catalyst
2 wt%
21.51 78.49 74.78 2
catalyst
5wt%
0.17 99.83 88.88 9.52
catalyst
10 wt%
0 99.77 62.38 36.03
catalyst
30 wt%
0 100 29.68 67.2
catalyst

Table 4-19. Relative peak area % of species UNE11 (A), consumption of UNE11 (100-A), formation of SNE11

(B) and formation of AE11 (C) after 3 hr reactiontime, P=40 bars and T=90°C.
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Scheme 4-11. Hydrogenation of UNE11to AE11.
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The graphic from Figure 4-11 shows the experimental data fitting on the theoretical model.
The experimental data were fitted with:

e ki=0.15

o ki/ka=22.76
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Figure 4-11. Experimental data fitted in the kinetic model prediction.

The fact that the data fits in the model demonstrates that the reduction of the unsaturated
carbon bond (C=C) is 22 times fasterthan the reduction of the nitrile. The graph also demonstrates
the fast consumption of H; in the initial stages of the reaction which can lead to mass transfer

limitation (H2 depletion).

4.4.5 Catalyst deactivation by reaction products/side-products adsorption

The AE11 production (yield) in a second reaction cycle proves that the catalyst is highly
deactivated after only one reaction cycle. We applied the techniques of FTIR and CO adsorption to
detect the species adsorbed in the catalyst surface after 1 cycle reaction that can influence the

catalyst deactivation and to dose the exposed metal of the exhausted catalyst.
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FTIR (Fourier-transform infrared spectroscopy)

In order to detect the molecules adsorbed in the catalyst surface we analysed the catalyst
after a first reaction cycle and afterreactivation, under hot hydrogen, as it was the method with the
best result attaint in the catalyst activity recovery.

Through the analysis of FTIR absorbance spectrum of the catalyst after one reaction cycle it
was possible to observe the absorption of O-H (3408 cm1) stretching, axial aliphatic deformation C-
H (2920 and 2836 cm), axial deformation C=0 (1608 cm-1), stretching C-O-H (1296 cm-1) bending
and C-0 (1180 cm™) stretching bands corresponding to methanoland the N-H (3246 cm1) stretching
and C-N (1245 cm) bending bands corresponding to amine function.

No dimer species or saturated nitrile specieswere detectedin the catalyst surface once the
adsorption bands corresponding to amide functions (-RCON)- between 1680-1640 cm-1, or nitrile
function (R-CN) between 2260 and 2240 cm-! are absent in the IR spectrum of the deactivated

catalyst (Figure 4-12).
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Figure 4-12. FTIR absorbance spectrum of the 1st cycle recovered catalyst sample under outgassing at 90 K.

On the other hand, the FTIR absorbance spectrum of the catalyst sample after regeneration
under hydrogen (Figure 4-13) showed a dramatic drop of catalyst transparency. Weakly bands
adsorption at 3427, 2920, 2836 and 1505 and 1445 cm! were observed.
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Figure 4-13. FTIR absorbance spectrum of the catalyst recovered from a reactivation under 30 bar of H, at

150°C for 1h. Sample under outgassing at 90 K.

GC-MS analysis

In GC-MS analysis of the solvent after catalyst reactivation under hydrogen pressure the
following species were detected: NE11, UNE11, AE11, SNE11, A; and traces of I, , A; and of

dimerisation product of AE11.

CO adsorption

Raney-Nickel catalyst have high activity in methanation reactions. Furthermore, CO is a
perfect probe molecule to study adsorption by vibrational spectroscopy. Since CO can adopt
differentadsorption geometries (terminal, 2 folding bridging, 3-fold hollow) we used this probe to
obtain information about the surface site distribution of the Raney-Nickel catalyst before and after
catalyst regeneration with hot hydrogen (Figure 4-14).

The spectrum of gaseous CO shows no probe adsorption at the catalyst surface. This sustains
the statementthat the catalyst is deactivated, no access to catalyst sites, after the first cycle.

The deactivation can be associated to:

(i)  Coverage of the surface sites by the reaction products of the above reaction, showing
catalyst deactivation,

(i)  Low catalyst surface area, implying a low number of sites, i.e. Under the detection limit of
the spectroscopic technique,

(iii)  catalyst leaching (metal lost).
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Figure 4-14. CO adsorption spectrum at 90K. a) on regenerated catalyst, b) catalyst after first reaction cycle.

The supposition ii and iii are not vailable once the surface area calculated was 40 m2 and the catalyst

activity after regeneration under hydrogen atmosphere is recovered.

4.4.6 Observations and some considerations

The initial purpose study was the study of catalyst reactivation under different methods. However,
for the reaction and kinetics study, which were derived from the experiments done for the catalyst
deactivation study, some major reaction and analysis conditions should have beentakenin account
such as:

e Use of a bufferhydrogen bottle in order to keep constant H; addition in the autoclave, (the

hydrogen pressure variation was not constant for the different experiments).
e Useof internal standards for GC-FID reaction species quantification.
e Experiments at differenttemperaturesand UNE11concentrations and lower catalyst loading

(in order to avoid mass-transfer limitation) for correct initial kinetics study.

4.4.7 Complementary experiments

We studied the reactivation of Ru SiC pellet catalyst used in a continuous flow hydrogenation of
UNE11to AE11 undersonication at 25, 40 and 120 kHz, and in-situ solvent wash (methylcyclohexane
and ethanol) at 110°C.
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4.4.7.1 Catalysttreatmentunder sonication

In order to find the best frequencies that fitted the exigence of low catalyst degradation
under sonication, the degradation of catalyst was tested at different frequencies and input power
loading.

In Table 4-20 is possible to observe that by decreasing the frequency and at higher input
power higher is the degradation of the catalyst underthe sonication treatment. Therefore, the best
frequency to apply in the catalyst reactivation treatment is 120 kHz. The results are in accordance
with the physical phenomenon’s described in the literature, whereby decreasing the frequency,
higher will be the cavitation bubble radius and so the implosion energy (hotspot). This high energy
release gives place to more aggressive phenomenon’s such as shockwaves or microjects

contributing to a higher erosion of the catalyst and so higher catalyst weight loss during treatment.

40kHz 80kHz 120kHz

Input Power 50% 100% 50% 100% 50% 100%
catalyst mass
1.20 1.10 0.72 1.15 1.42
weight 1.35
m organic (mg) 3.70 4.80 3.23 2.1 6.5 1

minorganic(mg) 4.20 6.90 6.90 7.2 0.1 0.002

Table 4-20. Catalyst weight lost after treatment at different frequencies.

Catalyst treatmentin-situ with ethanol at 100°C was found to have the highest effecton the
catalyst reactivation. Surprisingly undersonication the highest catalyst reactivation was found when

methylcyclohexane was used as the treatment solvent.

100°C in- 40 kHz 120 kHz

Solvent

situ (25°C) (25°C)
EtOH 15% 11% 4%
MCH 0% 7% 14%

Table 4-21. Catalyst reactivation % after treatment in-situ or ex-situ under sonication at 40 and 120 kHz.
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4.5 Conclusions

Amino esters are the perfect building blocks for the production of polyamides. These monomers
can be obtained through the reduction of unsaturated nitrile esters. The hydrogenation of nitrile
compounds to the corresponding amines can be carried out smoothly and in excellent yields using
Raney’-nickel catalysts. However, the quick loss of activity, afteronly a single reaction cycle, makes
this process unattractive for industrial applications. In this chapter, we have described the best
conditions, 60 bar Hz, 90°C, ammonia and 10 wt % catalyst, for a 92 % yield of the methyl-11-
aminoundecanoate. Kinetics studies with different catalyst loading shows that higher catalyst
loading affords higher conversion of UNE11 to AE11. However, the H diffusionin the reaction media
is limited reducing the rate of the reaction. Through calculation studies based on the H, moles
consumption over the reaction time at 40 bars, it was observed that side-molecules not identified
by GC-FID were formed with no hydrogen consumption suggesting the catalyst deactivation by
polymers of secondary/tertiary amine between two NE11 molecules which are trapped in the
catalyst porosity. Moreover, among the tested methodologies for catalyst reactivation: 1) via
washing with methanol or reaction solvent; 2) via sonication with either a MeOH or NaOH solution
at afrequency of 120 kHz and input power of 100 W or 200 W ; and 3) undera hydrogen atmosphere
at either 30 or 60 bar and at 150 or 200°C respectively; only the latter catalyst reactivation method
with hydrogen proved to be efficient. The in-pot catalyst reactivation undera hydrogen atmosphere
and under pilot conditions (150°C, 30 bar) was described. Some promising results were also
obtained by reactivation under ultrasound by catalyst dispersion in NaOH 0.05 N and sonication at
120 kHz (100W input power). Catalyst activity was recovered by 22 points of yield of methyl-11-
aminoundecanoate in comparison with no catalyst treatment. Catalyst deactivation mechanism was
proved through analysis of the catalyst surface by FTIR and CO adsorption techniques where the
molecules adsorbed on the exhausted catalyst, were detected as well proved their desorption after
treatmentunder hot hydrogen. The analysis of the solvent solution after catalyst reactivation under
hydrogenation as well the quantification of molecules not detected by GC-FID, suggest catalyst
deactivation through catalyst cavities blocking by non-hydrogenated molecules such as polymers

and reaction species trapped inside of catalyst cavities not allowing the reaction progress.
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Conclusions and perspectives



Over the years, the oxidative cleavage of fatty acids and derivatives, proved to be an
attractive way to obtain bi-functional monomers that can be used for polycondensation reactions

to obtain specialty polymers.

In our studies of economic risk assessment for the Novamont’s process, we conclude that
the composition of the vegetable oil has higher economic impact than the price of the raw material.
Therefore, by using an oil rich in mono-unsaturated fatty acids (sunflower oil) the initial capital cost

is highly reduced and the probability of generating a profit is increased.

Mono-Unsaturated fatty nitriles from MUFAs have been selected by Arkemaas precursor of
a new synthetic route to obtain monomers for PA11 and PA12 using H20..

H>O; is an oxidant easier to handle than ozone, but the kinetics of the catalyzed reactions
are still slow. The time-consuming reaction (24h) requires high temperatures (85-95°C) to cleave C-
C bonds (347-356 klJ/mole, at 298 K) and achieve the desired products. In addition, several studies
highlighted major limitations in mass transfer leading to undesired by-products and lack of
reproducibility at larger scale.

The needfor an emergenttechnology that could solve the problems associated to this type

of reaction led us to the sonochemistry.

Since 1927 ultrasound technology confirmed its potential in a variety of catalytic processes.
It has been also proved that mass transfer across the phase boundary of a multiphasic system is

substantially enhanced through acoustic emulsification.

The aim of our work was to exploit sonochemical methods to overcome mass transfer and time

limitation of conventional oxidative cleavage reaction in MUFAs and derivatives.

Significant results were obtained with an ultrasonic horn, working at frequency of 25 kHz and 100
W of input power. With this system we were not only able to reduce 1) the reaction time from 24h
to 5h, 2) the concentration of H.0; from 70% to 35%, 3) reduce the working temperature from 90°C

to 60°C but also 4) to achieve the desirable monomers in the absence of an emulsifier.



Besides the safer alternative of using lower concentration of oxidant and no need of
emulsifier, with this new technology, the monomers could be obtained with the same yields than in

conventional in more aggressive conditions (45%) .

However, the production of high molecular weight molecules due to the acidity of the
medium, demonstrates that the catalytic systemis notthe most appropriate, exposingits sensibility,

and for this reason higher monomer yield is difficult to obtain.

With the experiments pursued, we can conclude that a process should be done in two steps
where the hydrogen peroxide is only added for synthesize the diol intermediate. To proceed the
cleavage, the pH of the medium should be increased and another oxidant such as Oz should be
added.

Nevertheless, the production of estolides and acetals with high molecular weight in our
catalytic system was an important discovery. Estolides can be applied in the cosmetic market, and
so this catalytic system in ultrasonic conditions can be exploited to synthesize these high value
molecules. Also, by isolation of the acetals formed by acetalization between the diol intermediate
and the aldehydes can be high of interest. The concomitant hydrolysis of these species can afford
the aldehydes which can posteriorly separate, and which have much higher market value than the

corresponding carboxylic acids.

The ultrasound technology was also applied in the reactivation of a commercial catalyst,
Raney-Nickel used in the hydrogenation of mono-unsaturated fatty ester-nitriles to afford amino-
ester. We demonstrated a gain on the catalyst activity of 20% compared with no treatment,
however, by treating the exhaustive catalyst (in-situ) under hydrogen atmosphere proved that the
major catalyst deactivation mechanism was related to the loss of active adsorbed hydrogen and to
the molecules adsorbed on the catalyst surface.

Finally, our experiments demonstrated that 100% gain of catalyst activity is possible with in-
situ regeneration under hydrogen atmosphere after at least two catalytic cycles. Such process can
be easily applied industrially in the hydrogenation of ester-nitriles to obtain amino-esters high value

monomers for the polymer industry.



Ultrasound technology has demonstrated its industrial applicability in differentareas such as
food cutting, welding and cleaning. Besides the major success stories in the application of
ultrasound in sonochemistry the uncertainty of locally high temperatures formed due cavitation
implosions (hot-spots) it is still a major concern to up-scale the technology for synthesis purpose in

exception of crystallization (continuous mode) or emulsifications processes.
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S.1 Economic Risk Assessment using Monte Carlo Simulation for the production
of azelaic acid and pelargonic acid from vegetable oils

S.1.1. Correlation matrix

a)

b)

Fig. 1.
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Correlation matrix for palm oil a) Based on historical data b) Based on historical data
and expert judgement
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Fig. 2. Correlation matrix for high oleic sunflower oil oil a) Based on historical data b) Based
on historical data and expert judgement



S.1.2. Products and Raw Materials prices distributions

H20:100%
5% to 95% probability range: [823, 1126]

US$/ton
Distribution type: Gaussian,

mean:975, 0:92

Cobalt Acetate
5% to 95% probability range: [10095, 11740]

US$/ton
Distribution type: Gaussian,

mean:10918, 0:500

Methanol
5% to 95% probability range: [201, 542]

US$/ton
Distribution type: Log-Normal

5.8, 0:0.302

mean

ic aci

Tungst
5% to 95% probability range: [31355,

34644] US$/ton
Distribution type: Log-Normal

33000, 0:1000

mean

Fig.S.1.3. Fitted future price distribution of the raw materials: methanol, H.0;, Tungstic acid

and Cobalt acetate based on historical price.
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Fig.S.1.4. Fitted future price distribution of the products azelaic acid, crude glycerol,

pelargonic acid and C16/0, based on historical price.



b Q
- -
o a
-~ p— -~ —
e £ 2
0 m M m
e
g % 3 |45
o < m
rno. oo rn.. .
2L glc 2SS
o I~ ~~ (@)
01$ X3 = 0
SI-RZIRAE= =B
CaUna P-E=IR =18
.lm b ol | (3
BE RER:
2 2 2 |2 E
X B X |&
0 7] [Te) 7]
e BE
S )
2 2
=)
10 6
ﬂo —
— (@)
a
& 3
-~ = -
S |E N m
O |8 — |
e |2 T s @
B | 2 |28
g |98 & |9
o= §l& ° S 58| °
...Wvﬁ N} .Wvﬁ =3
8.1$Mu4 H=l o)
mﬂS A -3 A
2 D[ g|e =IHE
_.w .ta <) ..me
4 =) = bm
e |8 X |8
Q
S S
° X
£ S
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historical price.



C7

C8

5% to 95% probability range: [2419,
3960] US$/ton

5% to 95% probability range: [1355, 4644]
US$/ton

Distribution type: GAMMA

Distribution type: Log-Normal

mean:45, 0:70

mean:3000, 6:1000

Fig.6. Fitted future price distribution of products: C7and C8, based on historical price.

S.1.3. Summary of the investment costs, yearly costs and yearly sales

Table 1. Information for the generation of tornado plot for the production of azelaic from

high oleic sunflower oil and palm oil

High oleic sunflower oil palm oil

investment costs

total capital costs 81 Million § 106 Million $
yearly costs
Total Raw materials costs 26 Million $ 30 Million $
labor costs (operators,
j\‘/"g:;':galgggr a'ot'g:‘; 3.2 Million $ 3.2 Million $
supervisors )

utilities 2.6 Million $ 3 Million $
Distribution and selling 11.4 Million S 12.7 Million S
Research and Development 5.7 Million § 6.4 Million $
Royalties 3.4 Million $ 3.8 Million $
Maintenance and repairs 1.2 Million $ 1.6 Million $
Operating Supplies 0.6 Million $ 0.8 Million $



Property taxes 1.2 Million S 1.6 Million $

Insurance 1.2 Million $ 1.6 Million $

Financing interest 1.2 Million S 1.6 Million $
yearly sales

products 114 Million S 127 Million S




S.2 Ultrasound-assisted oxidative cleavage of unsaturated fatty compounds
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Figure 2-1. Mass spectrum of 10-oxodecanenitrile.
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Figure 2-2. Mass spectrum of nonanal.
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Figure 2-3. Mass spectrum of 8-(3-octyloxiran-2-yl)octanenitrile.

900000+

850000

800000

750000+

700000

650000+

600000

550000+

500000

450000

400000+

350000

300000

250000

200000

150000+

100000+

50000+

o

-50000

73.100
57.62%

169.200
35.74%

147.100
14.97%

75.100
8.92%

81.100
| Péﬁ%

183.200
8.68%

69.100

8.29%| 103.100

oqop 129100
5.32%

155.200

41.100 635%

3.08% 59.100

IZ-}.5%
N 1 Y

226.200
100.00%

215.200
47.99%

227.200
18.08%

228.200
210.200 5. 2006
387% ‘,_ =

T T T T T T T T
230 240 250 260 270 280 290 300
m/z (Da)

CN

“Si—

VAR

299.200
4.34%

336.300
317.300 3.46%
1.00%

426.400
1.03%

T T
50 100 150

200

m/z (Da)
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Figure 2-5. 8-(2,5-dioctyl-1,3-dioxolan-4-yl)dioctanenitrile mass spectrum.
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Figure 2-6. 1- Mass spectrum of cyano-8-hydroxyheptadecn-9-yl nonanoate.
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Figure 2-7. Mass spectrum of 9.10-dihydroxyoctadecanenitrile sililated.
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Figure 2-8. Mass spectrum of nonanoic acid.
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Figure 2-9. 1-cyanoheptadecane-8.9-diyl dinonanoate



S.3 Raney-Nickel catalyst recycling for the obtention of high-value amino-esters
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Figure 3-1. Mass Spectrum of Methyl (Z)-10-cyano-9-decenoate.
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Figure 3-2. Mass Spectrum of methyl-11-aminoundecanoate.
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Figure 3-3. Methyl-10-cyanodecanoate.
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Figure 3-4. Mass spectrum of Secondary imine (I2).
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Figure 3-5. Mass spectrum of trans-Secondary imine (l,).
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Figure 3-6. Mass spectrum of Secondary amine (A;).
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Figure 2-6. Mass spectrum of methyl-undecanoate at 6 minutes retention time.
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Figure 2-7. Mass spectrum of amino ester dimer at 25.95 minutes retention time.
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