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Nylon on tarke& muovi, jolla on monia kayttotarkoituksia monilla teollisuudenaloilla. Sita
padasiassa valmistetaan petrokemikaalijohdannaisista. Vaikka petrokemikaalivapaita
reitteja on olemassa, ne ovat viela lapsenkengissaan ja niissa on ongelmia, joiden vuoksi
ne eivat ole yhta haluttuja kuin petrokemikaalireitit. TAma insin6o6rityd tehtiin Teknologian
tutkimuskeskus VTT:lle Tekesin rahoittamaa projektia varten.

Tyon tarkoituksena oli kehittdd biopohjaisen nylonin valmistamiseen kaytettavan
johdannaisen prosessia. Projekti aloitettiin tekemalld panosreaktoreilla kokeita, joilla
selvitettiin, ovatko reaktorit vaikuttaneet tata tyota edeltaviin VTT:n kokeisiin. Prosessin
kehitysosuus aloitettiin tekemalla kokeita jatkuvatoimisella reaktorilla ja kayttden hyddyksi
panosreaktoreista saatua tietoa. Reaktiotuotteet analysoitin kayttdamalla GC-FID-
menetelmad, mutta myds GC-MS- ja NMR-menetelmia hyddynnettiin tdssa tydssa.

Panosreaktorikokeet osoittivat, ettd suurin osa panosreaktoreista oli vaikuttanut edellisiin
kokeisiin. Toimivilla reaktoreilla tulisi tehda viela lisatutkimuksia, ettd reaktioiden
toistettavuus voidaan varmistaa. Kokeet jatkuvatoimisella reaktorilla tuottivat hyvia tuloksia
ja antoivat hyvaa tietoa prosessista, huolimatta siitd etta vimeisessa neljassa kokeessa oli
ongelmia raaka-aineen kanssa. Jatkuvan reaktorin kanssa tulisi viela tehda
jatkotutkimuksia ennen prosessin skaalaamista. Prosessi tulisi optimoida hyddyntamalla
koesuunnittelua ja vastepintamenetelmé&a.

Avainsanat mukonihappo, nylon, prosessikehitys, biomuovit, GC, NMR,
panosreaktori, jatkuvatoiminen reaktori
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Nylon is an important plastic which has numerous applications in many industries. It is
mainly produced from petrochemical derivatives. Even though petrochemical free routes
exist for the nylon production, these routes are in their infancy and have problems which
make them less favoured than the petrochemical routes. This thesis was made for
Technical Research Centre of Finland for a commercialisation project funded by Tekes.

The aim of this work was to develop the process of producing a derivative for a bio based
nylon production. The project was started by conducting experiments with batch reactors
to test if the reactors have affected the experiment results before the thesis. Process
development was carried out by performing experiments with a continuous reactor and
using the knowledge gained from the earlier batch reactor experiments. The reactions
products were analysed mainly with a GC-FID, but a GC-MS and a NMR were also applied
in this thesis.

The batch reactor experiment results revealed that most of the batch reactors had been
affecting the past reactions. The experiments on working reactors should be redone to
ensure the repeatability of the reactions. The continuous reactor experiments showed
encouraging results and provided detailed knowledge about the process, despite the last
four experiments which had problems with the raw material. It was discovered that more
experiments should be conducted with the continuous process in the future before the
process scale up. The process should be optimized by utilizing the Design of Experiments
de-sign and the response surface method.

Keywords muconic acid, nylon, process development, bio-plastics, GC,
NMR, batch reactor, continuous reactor
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1 Introduction

1.1 Nylon

Nylon is a family of synthetic polyamides which are invaluable plastics used in textiles,
construction, medical and other applications. Apart from nylon 6 and nylon 6,6, nylon
grades are mainly used in specialist applications. The first nylon (nylon 6,6) was first
synthesized by Wallace Carothers at DuPont's research facility in 1935. Nylon 6 was
produced by Paul Shlack from caprolactam in 1938. Several other resins of nylon with
different properties have been developed and these include: nylon 6,10, nylon 6,12,
nylon 11, nylon 12, Kevlar® and Nomex®. [1, p. 243; 2]

Nylon has a wide range of applications in many industries due to its versatility,
toughness and thermal and chemical resistance. Nylons are mainly used to produce
synthetic fibres which can be manufactured into carpets, clothing or rope. Nylons are
widely used as engineering thermoplastics in injection molding. The automotive
industry has, for example, increasingly started to replace some metallic parts with
nylon. Nylon is also a common material in the electrical industry and nylon films are

used as packaging in food industry. [1, p. 243-244; 2]

The annual production of nylon is over a million metric tons [3], and the production is
increasing annually due to a growing demand of nylon based products. Nylon 6 and
nylon 6,6 are the most produced nylons in the market. China is the leading nylon 6

producer in the world and the United States is the largest nylon 6,6 producer. [4]

1.1.1 Production of nylon

There are two methods to produce nylon: ether by a condensation reaction between
diamine and dibasic acids or by a ring-opening polymerization of the lactam ring. The
vast majority of nylon is produced from crude oil derivatives such as benzene,
cyclohexane, phenol and toluene. These derivatives can be converted into
caprolactam, which is an intermediate in nylon 6 production, or into an adipic acid

which is used in the production of nylon 6,6. [1, p. 244; 2]



Nylon 6 is produced by the ring opening polymerization of caprolactam. A classic
reaction pathway to synthesize caprolactam from cyclohexanone can be seen in figure
1. After reduction and oxidation, cyclohexanone is treated with hydroxylamine, which
converts cyclohexanone into cyclohexanone oxime. This intermediate oxime is
rearranged, into amide caprolactam in the presence of an acid catalyst in the
Beckmann rearrangement. This process has drawbacks, however, since it requires
multiple steps and vast amounts of ammonium sulphate are produced as a side
product, e.g. one ton of caprolactam yields 4.5 tons of ammonium sulphate. 95% of
caprolactam in the world is produced by this reaction. To avoid these problems other
processes have been developed. These processes tend to avoid the formation of

cyclohexanone oxime. [1, p. 258—264; 5, p. 1]
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Cyclohexanone Cyclohexanone oxime Caprolactam

Figure 1. Reactions to convert benzene into cyclohexanone and cyclohexane into caprolactam

1.2 Bio-plastics

The plastic industry relies on petrochemical platform chemicals for most of its
existence. The main problems with petrochemicals are that they are their finite and
have detrimental effects on the environment. Due to increasing environmental
regulations, the fluctuating oil price and increasing consumer demand for bio-based
chemicals, plastic manufacturers have become increasingly interested in bio based
plastics. These bio-plastics are plastics that are derived from renewable feedstock such
as starch, cellulose, fatty acids, sugars, proteins, and other biological sources. They
can be converted into monomers and polymers by microorganisms or chemical

reactions. These monomers and polymers are often defined as platform chemicals



since these molecules are used as building blocks to produce many valuable
chemicals, for instance, succinic acid can be converted into valuable chemicals seen in
figure 2. [6, p. 2082; 7, p. 21]

O. HO\/\/\ H
o oy ©
1,4-Butanediol
CHj

G-Butyrolactone 2-Pyrrolidone |

o \ / N
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Q (0]
Tetrahydrofuran "o N-Methyl-2-pyrrolidone
OH
o

Succunic acid

Figure 2. Possible derivatives of succunic acid [8, p. 23]

121 C

There has been a growing interest in the C, which is dicarboxylic acid, due to its
potentiality to be used as a platform chemical for many bio-plastics. These include
polyurethane and polyethylene terephthalate (PET) [7, p. 16]. Research has revealed
that C could also be used to produce caprolactam, meaning that C could provide
possible oil free route for the nylon 6 production [5].

C has three isometric forms, the trans,trans-C, cis,trans-C, and cis,cis-C. The reaction
to produce caprolactam from C can be conducted in different ways depending on the
isometric form. These isomeric forms can be converted in a two-step route. Firstly the
C is converted in adipic acid with hydrogen and catalyst which is then catalytically
reduced to capralactam with hydrogen and ammonia in the presence of catalyst. The
reaction is high yielding, has fewer by-products and avoids sulphate formation

produced from crude oil derivatives [5, p. 1, 7].

1.2.2 Production of C

C can be prepared chemically and microbiologically. In the chemical route, C is
produced from either sugar petro-chemical feedstock in the presence of heavy metal

catalysts [9, p. 3992-3993; 10, p. 615]. Microbiologically C can also be produced from



aromatic compounds such as benzoate toluene, benzene and phenol. Some bacteria
are able to convert these chemicals into catechol. Catechol 1,2-dioxygenase enzyme,
for example, is able to catalyse the cleavage of the aromatic ring to produce C. [11; 10,
p. 616] The problem with these processes is the crude oil feedstock, which means that
they cannot be applied to the production of bio-nylon.

One route to make Muconic from renewable feedstock is by fermentation of d-glucose.
The problem with this microbiological process is its low C yield. With the current
technology, the achievable bio based C yield is 30 %. [10 p. 618, 621; 7, p. 22] Due to
this problem, C is seen as a less attractive intermediate in caprolactam production than
cyclohexanone. New technology would be needed to make the bio C route as efficient

as petrochemical routes.

1.3 VTT route for C production

1.3.1 Technical Research Centre of Finland Ltd

Technical Research Centre of Finland Ltd (VTT) is the leading R&D centre for applied
research in Northern Europe. It was founded in 1942. VTT develops scientific solutions,
research and innovation services that enhance the competitiveness of companies,
society and other customers as well as to create the prerequisites for society’s

sustainable development, employment and wellbeing.[12]

1.3.2 VTT route

VTT has been developing routes to C since 2013, based on the selective catalytic
hydrodeoxygenation of A. This method produces C, D and E from A or B [13]. VTT has
already developed fermentation technology AGROBIO to produce A from pectin,
making it possible to combine these technologies together for the production of bio

nylon [14].

1.3.3 Hydrodeoxygenation

Hydrogenlysis is a reaction in which the addition of hydrogen cleaves carbon to carbon

or carbon to heteroatom bonds. This heteroatom is commonly oxygen, nitrogen,



sulphur or metal. Hydrodeoxygenation (HDO) is a hydrogenlysis reaction in which
oxygen is cleaved from a compound. Cleaved oxygen forms by-product water with
hydrogen gas. The HDO reaction has applications in biofuel production. For example
fatty acids can be converted into fuel-like hydrocarbons with catalysed HDO. [15, p.
4678; 16]

HDO requires a catalyst, and often precious metals are used, for example F and G.
The possible catalysts utilized in the reaction, have an ability to catalyse the HDO of
epoxides and diols to alkenes in quite mild conditions. Firstly, F reacts with hydrogen to
produce Fb. The alcohol solvent is essential to the activation of the catalyst where it
interacts to form an intermediate. Fb cleaves the hydroxyl groups of A. This cleavage
causes carbon-carbon double bond to form resulting in trans,trans-C [17. p. 9998-
1000]. Theoretically this reaction can have a 100% yield, which would make the A HDO
process more efficient than the competing biotech route.

1.4 Scope of the work

The work is part of a Tekes funded commercialisation project to make bio-nylon, with
confidential results produced during the period of research. As such, aspects and
certain details have been removed from the thesis to maintain an intellectual property

right.

The production of platform chemicals from bio-based resources are in their infancy and
it is often the case that bio-based processes are not as efficient as the petrochemical
routes, leading to higher prices and therefore making them unattractive for
commercialisation by industry. The focus is to take the bio based route and make it as
efficient as the petrochemical route, both in terms of reaction efficiency and

environmental impact.

VTT has been studying the catalysed HDO reaction to produce C by conducting
experiments on pressure reactors, which are pressurized chemical reaction vessels.
The results of the experiments have been good but unreliable; and the repeatability of
results has not been achieved. The problems with reactions have raised an idea that

reactors themselves have been affecting the reactions by poisoning the catalyst or



catalysing different reactions [18]. In this thesis, the difference between three reactors
with different coatings is actively determined.

The knowledge gained from the pressure reactor tests, is then directly applied to
continuous reactor processes for the first time. The work includes the optimization of
continuous process conditions. The current reaction process has a vyield is of
approximation 20-65 %. The aim is to increase this to a stable 80-90%. The novelty of
this work is that by moving to a continuous flow reactor, the reaction times can be
systematically reduced and a high reactor throughput is achieved. Such a novel
process has not been reported in the scientific literature and thus a novel intellectual

property (patent) can be obtained if successful.

2 Analysis equipment

2.1 Gas chromatography

In this work gas chromatography (GC) was employed in the analysis of reaction
products. With chromatography it is possible to detect amounts of known and unknown
compounds in a sample. As in all forms of chromatography, GC has a stationary and a
mobile phase. The mobile phase, in this case is a carrier gas, moves the sample
through the stationary phase, the column, where the sample components interact with
the column differently which causes them to move through the column with different
rates. As the components arrive at the end of column, they are sensed by the detector.
The carrier gas has to be inert and it should not be capable of absorbing into the
column wall. The usual carrier gas is helium, but hydrogen and nitrogen are also used
in special applications. Two different gas chromatographs were used in thesis: GC-FID
and GC-MS. [19, p. 3-4; 20, p. 17-18]

211 GC-FID

GC-FID is a gas chromatograph that utilizes a flame ionization detector (FID) which is
one of the most used GC detectors. After the sample exits the column, it is burned in a
hydrogen flame which releases ions. The detector senses compounds by measuring an
electric current caused by the released ions. [19, p. 3—4; 20, p. 29-31]



2.1.2 GC-MS

GC-MS is a combination of gas chromatograph and mass spectrometer (MS). It was
used to study unknown spikes in GC-FID analysis. The mass spectrometer is not only
able to provide quantitative information but also knowledge about the structure of the
sample. MS consists of an ion source, an analyser and a detector. When the separated
sample compound enters the mass spectrometer, it is ionized in the ion source. The
gas ion fragments are accelerated with an electric field and move to the magnetic
analyser. The trajectory of ion fragments is curved by the magnetic field of analyser.
The ion fragments with more mass will have a smaller radius than the lighter
fragments. The analyser separated the ions depending on their mass to charge ratio.
After the analyser, the fragments will strike the detector which measures the mass-to-
charge ratio of the ion fragments. [19, p. 3, 9-10; 20, p, 32—-33]

2.2 Nuclear magnetic resonance

A nuclear magnetic resonance (NMR) spectroscopy was used to analyse a solid
material in synthesized raw material. NMR is possibly the most important form of
spectroscopic analysis. It is commonly used to determine the structure of organic
molecules. The instrument produces a magnetic field, which interacts with nuclei which
have a spin property. The nuclei which possess the spin property have unpaired proton
or neutron, for example *H and C. They act like magnets when placed into the
magnetic field and line up according it. The nuclei can line up parallel or anti-parallel to
the magnetic field. These two orientations do not have the equal change to occur
because they do not possess the same energy. The anti-parallel orientation has more
energy than the parallel. When the nuclei with parallel orientation are hit with a pulse of
electromagnetic radiation, they are able to flip to the higher energy anti-parallel
orientation. This means that the nuclei are resonating. Different species of nuclei have
a different resonance frequency, meaning that they can be characterised by the
detector, which detects the intensity of the absorption with different frequencies. The
intensity of the absorption describes the abundance of the specific nuclei in the sample.
[21; 22 p. 1-22]



3 Batch reactor experiments

The benefit of pressurized reactors is that reactions can be conducted at higher
temperatures than the boiling point of the solution. The increased temperatures are
able to make reaction rates quicker than in unpressured reactions. This temperature

effect on the reaction rate can be seen on the Arrhenius equation

_Ea

k = Ae®r (1)

where Kk reaction rate coefficient, A is pre-exponential factor, E, is activation energy of
reaction, R is the gas constant and T is temperature. If the temperature increases, the
reaction rate coefficient should increase as well. Generally, a 10 °C temperature rise
will double the reaction rate. Also according to the collision theory, the number of
successful collisions increases with the rise of concentration. When the pressure is
increased, the concentration of gas increases and thus the reaction rate becomes
faster. [23, p. 6-7; 24, p. 101]

The pressure vessels used in the experiments are batch reactors. Batch reactors are
closed systems. This means that nothing is added or removed from a reactor while a
reaction is occurring. When the reaction is complete, products are then removed and
the reactor is cleaned. Versatility is the principal benefit of batch reactors. One reactor
is suitable for different reactions and product grades. They are flexible to operate and
can be easily shutdown if necessary. Reactors can be cleaned and made sterile easier
than other reactor types. Due to these benefits, batch reactors are commonly used to

study new chemical reactions. [25, p. 10, 663]

3.1 Materials

3.1.1 The reactors

VTT has done experiments with four different pressure reactors, each with a different
coating. These reactors can be seen in figure 3. Reactor i is a stainless steel reactor
with a damaged chemical resistant coating of AR229 PFA Ruby Red which is perfluoro

alkane polymer. The reaction mixture and the stainless steel wall of the reactor are in



contact during the reaction, which means that it could possible for the steel to affect the

reaction.

Reactor ii has a bulky and heavy head. Its coating is also AR229 PFA Ruby Red. The
coating is non-stick and highly chemical resistant. Reactor iv has a removable Teflon
cup as a reaction vessel. At the bottom of Teflon cup, there is an unknown black
material which could not be removed. The material could be able to affect the reaction.
The chemical resistant coating of reactor ii should possess better chemical resistant

qualities than Teflon has. Reactor iii is also a Teflon reactor. It was not examined to

save time because it was very similar to the reactor iv.

Figure 3. Reactors i, ii and iv

3.1.2 Experiment set up

The reactors were heated by immersing them in a silicon oil bath, which was heated by
a lab hot-plate. The temperature of the oil bath was controlled with the hot-plate’s
temperature program which measured the bath temperature with a thermocouple. The
reactor temperature was measured also using a thermocouple. The agitation of the
reaction mixture was carried out with a magnetic cross stirrer rotated by the lab hot

plate.

3.1.3 Chemicals

Chemicals used in batch reactor experiments were all supplied by Sigma-Aldrich and

used without further purification.
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3.2 Batch reactor method

Reaction parameters were determined from VTT’s earlier pressure reactor experiments
[13]. It was discovered that the optimum reactions conditions at the present time are
with temperatures ~ 130 °C and pressure ~ 500 kPa in X solvent and F catalyst and M

co-catalyst.

The reactor products were analysed using GC-FID. The samples were prepared by
silylation of the hydroxyl group, which is done to increase the volatility of a molecule.
This allows GC to produce more accurate results. [26, p. 4]

3.2.1 Method

The pressure vessel was charged with A (1 g), M (100 mg) and F (119 mg). Before the
reactor was sealed, X (10 ml) and magnetic stirrer were added. The vessel was then
purged twice with nitrogen gas and subsequently three times with hydrogen to 500
kPa. The Reactor was then heated in an oil bath (130 °C) to give an internal
temperature of 118—123 °C. The reactor was then maintained at this temperature for
48 hours after which it was cooled to room temperature and vented to atmospheric
pressure. The reaction product was washed from the reactor two times with 11 ml of Y.
The product filtered under vacuum using porosity a 3 glass filter. The brown filtrate was
transferred into an evaporator flask. The solvent was removed from filtrate under
vacuum using a rotary evaporator (<2 kPa, 45 °C) and then left to a vacuum oven (5

kPa, 40 °C) overnight. Once dry the yield of crude material was obtained.

The experimental method was described for the reactor ii. The experiments were
conducted using the above method utilizing the different batch reactors. The reactor ii

and the reactor iii with a new Teflon cup were also retested.

3.2.2 Analysis method

A sample of the material (5—10 mg) was weighed into a glass vial. Acetone (0.4 ml)
and pyridine (0.4 ml) were added into the vial and then K (0.2 ml). The vial was then

heated in a block heater to 60 °C for 30 min.
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GC-FID analyses were carried out using an Agilent 6890 equipped with a FID: Column
& length: HP-5 5% Phenyl Methyl Siloxane, 30 m, 0.32 mm, 0.25 um film, carrier gas:
He, injector temperature: 250 °C, FID temperature: 300 °C, oven temperatures: Initial
temp: 30 °C, Initial time: 1.00 min, Ramp: 13 °C/min to 300°C, final time 15 min. GC
results were compared to reference standards, which were used to accurately
determine the products obtained in the experiments.

3.3 Results

3.3.1 Reactori

Reactor i product had an appearance of light brown solid with visible white particles
after the vacuum oven drying. The end weight of the product was 1.1425 g. A sample
(6.3 mg) was weighed for an GC-FID analysis. The amounts of compounds can be

seen on table 1.

Table 1. Reactor i GC-FID results

Name m-% m (mg)

B 28.6| 32.667
A 29.7| 33.877
C 11.2| 12.785
D 30.6| 34.922

3.3.2 Reactorii

Reactor ii product appearance was black oil. The product’s weight was 1.2198 g. The

weighed sample’s weight was 9.3 mg. The result of the GC-FID analysis can be seen

in table 2

Table 2. Reactor ii GC-FID results

Name m-% m (mg)

B 6.004 7.324
A 5.533 6.749
C 19.693 24.021
D 68.770 83.886
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3.3.3 Reactor iv

The reactor products were in two fractions. Fraction 1 was a yellow transparent liquid
which had evaporated into light brown solid. and the fraction 2 was white solid crystals.
Fraction 1 was produced: 0.8437 g and fraction 2: 0.3631 g. and the total weight:
1.2068 g. For GC-FID, sample of fraction 1 (9.2 mg) and fraction 2 (6,8 mg) was
prepared. GC-FID results for fraction 1 can be seen in table 3 and for fraction 2 in table
4.

Table 3. Reactor iv fraction 1 GC-FID results
Name m-% m (mg)

B 52.076| 43.936
A 10.362 8.742
C 15.219 12.840
D 22.343 18.851
Table 4. Reactor iv fraction 2 GC-FID results

Name m-% m (mg)

B 71.931 26.118
A 27.514 9.990
C 0.000 0.000
D 0.555 0.201

3.3.4 Reactor ii retest

Reactor ii product appearance was brown solid. The final product weight was 1.1874 g.
The weight of the sample prepared for GC-FID was 6.4 mg. The results can be seen in
table 5

Table 5. Reactor ii retest GC-FID results
Name m-% m (mg)

B 23.952| 28.440
A 10.537| 12.512
C 15.504| 18.409
D 50.008| 59.379
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3.3.5 Reactor iv retest

The product’s appearance was a brown solid. The product’s weight was 1.4447 g. and
the GC-FID sample weight 5.4 g. The results are shown in table 6

Table 6. Reactor ii retest GC-FID results
Name m-% m (mg)

B 66.231 0.957
A 4.340 0.063
C 6.986 0.101
D 22.443 0.324

3.4 Discussion

The purpose of these experiments was to test the effects of the reactors on the VT T’s
earlier experiments. The GC-FID analysis of reactor i product shows that some C has
been produced, but large amounts of raw material were left unreacted. The
appearance of the product was light brown solid but some white solid could be seen in
the product. White solid was, according to the analysis, unreacted material. The
product of Reactor ii was much darker and oilier than the reactor i product. The
analysis of the reaction mixture indicates to have produced a significant amount of C
and D with an almost total consumption of raw material. Reactor iv products were in
two fractions: solid white crystals and yellow liquid. Characterisation by GC-FID shows
that the crystals were raw material. Only a little C had been formed in reaction
according to the analysis of liquid fraction. Due to reactor ii results, reactor ii was
retested. The results of the retest were significant in that they were not as good as the
results of the first test. Less raw material had reacted and the product was not as oily.
Reactor iv was tested with a new Teflon cup to find out whether the black material
imbedded in/on the Teflon or reaction vessel material itself is the reason for the reactor
failure. The appearance and the GC-FID results show that reactor iv did produce better
results than the first reactor iv test did, but a high amount of raw material has been left

unreacted.

GC-FID analyses show that reactors i and iv did not produce good results compared to
reactor ii products and VTT’s earlier experiments and it would seem that these reactors

could have been affecting VTT’s earlier reactions. The reasons for reactor i results
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were the most likely caused by contamination on the stainless steel wall or dirt on the
surface of damaged chemical resistant coating. Reactor iv retest showed the
contamination was the most likely reason for the reaction failure, however the reaction
still had a large amount of unreacted material, thus it might be that Teflon is affecting
the reaction. The colour of the reaction products seems to be a good indicator of the
quality of product. The darker and oilier products are shown to indicate good production
of C and D.

It should be noted that the pressure gauges of all the reactors were not befitting for
pressure ranges used in reactions. This was especially with reactor iv, the where
pressure gauge could not be used for accurate measuring. However, the charging of
hydrogen was undertaken accurately with a gauge range 0-2000 kPa that was
mounted to the wall during initial pressurization. During the reactor ii experiment,
reactor heating was noticed to be slow compared to reactor i. The reason was
discovered to be the heavy head of the reactor, which was acting as a heat gradient
and was slowing the heating process. The problem was solved by lagging the reactor
with insulation. This could have caused some reaction problems with VTT’s past
experiments. An unexplained pressure rise could be seen on the second day of reactor
ii reaction, but not with retest. It could be possible that there was a problem with the
pressure gauge or unknown reaction occurred in the reactor, but this was not
investigated further. During reactor ii retest, it was also noticed that the reactor gauge
showed 200 kPa higher pressure than the gauge of the inlet that was used to

pressurise the reactor.

4 Continuous reactor experiments

Continuous reactors are more favoured in chemical industry than batch reactors. In a
continuous process, the reactants are added into the reactor and the products are
removed continuously. They are capable of producing large quantities of the same
product with static quality, because conditions within the reactor can be made constant.
Continuous reactors are not as versatile as batch reactors but offer a more cost
effective solution for large scale production, due to lesser requirement for labour force

and cheaper operation costs. [25, p. 10, 663]
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The continuous reactor used in this work is a trickle-bed reactor which is a gas-liquid-
solid reactor. The solid catalyst is fixed in a packed bed inside of the reactor. The liquid
is flowed downwards through the catalyst bed. The gas is usually flowed with liquid, but
counter current is also viable. The trickle bed reactors are commonly used in

hydrodesulphurization, and hydro cracking. [27, p. 373]

4.1 Materials

4.1.1 Continuous reactor

The reactor used to study the continuous process is a sulphuric free tube reactor. The
reactor is 30 cm long and has a diameter of 12 mm. The catalyst bed held with-in the
reactor, is supported by a metal rod. The reactor, the metal rod and fasteners can be

seen in figure 4.

Figure 4. The tube reactor, the metal rod and the fasteners

4.1.2 Experiment set up

The raw material in a solution is drawn into the system with a HPLC pump with the
mass flow rate monitored using a balance under the raw material vessel. Before the
reactor, the raw material flows through a pre-heater vaporizer and is mixed with the gas
flow. The system is capable of using hydrogen, nitrogen and argon gasses. The
volumetric flow of the gases is controlled with flow controllers. The reactor heating is
done using two 230 V ceramic electronic ovens. The reactor temperature is measured
with thermocouple which measures the temperature from three points in the reactor.
After the reactor, the products enter the pressurized sampling vessel, where the
products can be collected under pressure. The products then enter the pressure

controller and after that the sampling vessel. In this work, the products were collected
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using the second sampling vessel. The both sampling vessels are cooled down using a
cryostat. The used gas continues from the sampling vessel and to FTIR or an air
conditioner. The reactor system diagram is illustrated in figure 5.
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Figure 5. The continuous reactor system

4.1.3 Chemicals

All the chemicals were supplied by Sigma-Aldrich, except B, coarse J and quartz wool.
J was supplied by Alfa Aesar, quartz wool by Roth and B was produced in house by the
VTT. During the project, more of the raw material, B, had to be synthesised with
esterification of | and X in the presence of H,SO,. The product was oily B and solid
material which had to be filtered with porosity 3 glass filter. The NMR analysis showed

the solid material to be unreacted I.
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4.2 Continuous experiments method

The experimental conditions were similar to the conditions from the batch reactor
experiments. Due to A being highly insoluble, a 0.1 g/ml B in X solution was used
instead as a raw material. The catalyst was changed from F to G, due to significantly
lower catalyst costs and more material required for the continuous reactor. The catalyst
bed also consisted of inert J to spread the bed to increase the bed height Changing the
solvent from X to Y was studied, since it would decrease the process costs and make
the process a truly petrochemical free route for C production. Initially in Y tests, H was
to be used as a raw material, but it was not soluble enough in Y, meaning B from had
to be used.

The samples were analysed using the same method in the batch reactor analysis,
however because of the X in reaction mixture, acetone was decided not to be added in
sample preparation.

4.2.1 Method

The catalyst bed, consisting of G (0.83 g) and coarse J (2.49 g) between quartz wool
layers (1 g), was placed into the reactor which was then attached into the process
system. The reactor ovens were then left to heat up to 140—155 °C and the reactor to
~130 °C. After the heating was complete, the reactor was pressure tested with argon
gas by increasing the system pressure into 500—1000 kPa. The reactor was then
pressurized into 500 kPa with hydrogen and the hydrogen flow through the reactor was
set to 5 I/h. The experiment was started by setting pump raw material feed to 15 g/h
and the heating of pre-heater to 115 °C. A sample was collected from the product trap
every hour. The reactor was stopped after 6 hours by closing the pump, the hydrogen
feed and the heating. The reactor was then depressurised and it was set to have a 50

I/h nitrogen flow thought it. The end sample was collected ~15 h later.

The method was described for the test 1. 15 g/h raw material flow. The other

experiments that were performed are shown in table 7.
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Table 7. Continuous reactor experiments

Test# |Aim

1 Raw material flow rate 15 g/h

2 Raw material flow rate 30 g/h. Sampling was done every 30 min.

3 Raw material flow rate 60 g/h. Sampling was done every 15 min.

4 Raw material flow rate 7 g/h

5 The catalyst changed from G to F (0.77 g) and P-TSA (0.53 g).

6 The catalyst activated 1 h before the experiment with X and hydrogen flow.

7 Solvent changed to Y. Pressure increased into 1000 kPa, due to volatility of Y.
Reactor heating was decreased into 135 °C

8 Test 7 retest. Pressure increased to 2000 kPa
Recycling system. The products were collected to raw material vessel and was left to
run for 24 h.

10 Catalyst loading increased: G (4.15 g) and coarse J (20.75 g)

11 Increased concentration to 0.2 g/ml

4.2.2 Analysis

See sections 3.2.2 and 4.2.

4.3 Results

4.3.1 Test 1: Raw material flow rate 15 g/h

GC-FID results can be seen in table 8.

Table 8. GC-FID results of continuous reactor test 1

Test 1 Component concentrations (g/l)

Sample# |B A C D

0 5.3775 2.115 1.37 5.5975
1 5.6175 25 8.92 5.155
2 4.3075 2.43 12.3175 7.0175
3 4.21 2.305 11.3775 7.0025
4 4.205 2.2725 10.635 6.73

5 4.015 2.3225 10.4775 7.005

Figure 6 shows the GC-FID results as a line chart.
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Figure 6. Line chart of continuous reactor test 1

The first reaction mixture sample has an appearance of dark brown transparent
solution. The samples 2—4 were dark brown or almost black. The sample 5 was slightly
lighter than the samples 2—4. The reaction mixtures are shown in figure 7. Some oil can
be seen in the samples.

Figure 7. Test reaction mixture samples

4.3.2 Test 2: Raw material flow rate 30 g/h

GC-FID results can be seen in table 9.

Table 9. GC-FID results of continuous reactor test 2

Test 2 Component concentrations (g/l)

Sample# |B A C D

0 5.3775 2.115 1.37 5.5975
1 2.165 2.4275 9.1525 6.415
2 1.5825 2.2275 7.4475 6.5275
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3 2.225 2.1625 7.7825 6.3825
4 2.2275 2.235 8.3425 6.6225
5 2.3775 2.27 8.8275 6.845
6 3.4375 2.3675 8.735 6.705

Figure 8 shows the GC-FID results as a line chart.
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Figure 8. Line chart of continuous reactor test 2

The first two products were dark coloured, and they resemble the test products. The

samples 3-6 have the same yellow transparent liquid colour. The samples can be seen

in figure 9.

Figure 9. Test 2 reaction mixture samples

4.3.3 Test 3: Raw material flow rate 60 g/h

GC-FID results can be seen in table 10.
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Table 10. GC-FID results of continuous reactor test 3

Test 3 Component concentrations (g/l)

Sample# |B A C D

0 5.3775 2.115 1.37 5.5975
1 3.525 2.685 13.0175 7.47

2 2.145 2.4375 10.17 7.45

3 2.1575 2.285 7.9025 6.96

4 2.77 2.3875 8.4 7.1175
5 2.345 2.39 8.7075 7.2625
6 2.7275 2.3875 8.79 7.005

Figure 10 shows the GC-FID results as a line chart.
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Figure 10.

Line chart of continuous reactor test 3

The product appearance is very similar to experiment 2 samples 3-6. The sample can

be seen in figure 11.

Figure 11.

Test 3 reactor mixture samples



4.3.4 Test 4: Raw material flow rate 7 g/h

GC-FID results can be seen in table 11.
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Table 11. GC-FID results of continuous reactor test 4

Test 4 Component concentrations (g/l)

Sample# |B A C D

0 5.3775 2.115 1.37 5.5975
1 3.2175 1.2325 2.8775 2.35

2 7.135 2.4875 15.285 7.1825
3 8.3125 2.7325 15.15 7.8025
4 8.5025 2.5 15.2925 7.4325
5 8.1025 2.575 12.765 7.0525

Figure 12 shows the GC-FID results as a line chart.
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Figure 12. Line chart of continuous reactor test 4

The appearance of the samples was lighter than the appearance of the experiment

products. These samples can be seen in figure 13.



Figure 13.

Test 4 reactor mixture samples

4.3.5 Test5: Catalyst changed to F

GC-FID results can be seen in table 12.
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Table 12. GC-FID results of continuous reactor test 5

Test 5 Component concentrations (g/l)

Sample# |B A C D

0 5.3775 2.115 1.37 5.5975
1 2.52 1.555 23.3025 18.455
2 1.9425 2.2175 21.7525 9.1

3 1.7275 2.1075 13.0875 6.71

4 2.115 2.1325 7.74 6.455
5 3.315 2.2575 6.38 6.7725
6 4.3625 2.225 4.935 6.305

Figure 14 shows the GC-FID results as a line chart.
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Figure 14.

Line chart of continuous reactor test 5



The first samples are very dark coloured. After the second sample, the sample colour

becomes lighter. The samples can be seen in figure 15.

Figure 15.

Test 5 reactor mixture samples

4.3.6 Test 6: Catalyst activation

GC-FID results can be seen in table 13.

Table 13. GC-FID results of continuous reactor test 6

Test 6 Component concentrations (g/l)

Sample# |B A C D

0 5.3775 2.115 1.37 5.5975
1 1.5425 0.895 2.925 2.0825
2 0 0.0675 0.29 0.54

3 5.03 2.335 12.98 7.9375
4 6.1225 2.96 12.8225 8.175
5 6.17 2.865 10.995 7.7775
6 6.3675 2.8775 10.625 7.655

Figure 16 shows the GC-FID results as a line chart.
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Figure 16. Line chart of continuous reactor test 6

The appearance of the products was very similar to the products in experiments 2 and

3. The second sample was colourless. The samples can be seen in figure 17

Figure 17. Test 6 reactor mixture samples

4.3.7 Test 7: Solvent changed to Y

The experimentation failed due to broken pressure controller.

4.3.8 Test8Y retest

GC-FID results can be seen in table 14.

Table 14. GC-FID results of continuous reactor test 8

Test 8 Component concentrations (g/l)
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Sample# |B A C D E

0 7.735 1.045 3.825 33.645 0

1 0 0 0 0 0

2 0.1525 0.15 5.515 2.9075 3.265
3 0.505 0.665 8.6925 9.4875 1.6225
4 1.4925 1.14 8.4825 9.5275 1.4075
5 1.4925 1.14 8.4825 9.5275 1.4075
6 2.1875 1.38 8.0925 9.7625 1.2925

Figure 18 shows the GC-FID results as a line chart.
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Figure 18. Line chart of continuous reactor test 8

All products, except the first sample, had the same appearance with the raw material.

The product mixtures can be seen in figure 19.

Figure 19.

Test 8 reactor mixture samples

4.3.9 Test 9: Recycling reactor

GC-FID results can be seen in table 15.
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Table 15. GC-FID results of continuous reactor test 9

Test 9 Component concentrations (g/l)

Sample# |B A C D

0 8.5975 1.7225 3.79 36.2975
1 7.05 2.9425 10.5175 39.02

2 8.0475 2.72 9.295 41.635
3 9.37 2.655 7.6425 45.32

4 10.9075 2.7575 6.79 48.0725
5 13.275 3.0975 7.1025 42.43

Figure 20 shows the GC-FID results as a line chart.
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Figure 20.

Line chart of continuous reactor test 9

The appearance of the products was similar to the products and raw material of

experiment 8. Due to this reason, the picture of these samples was not added.

Test 10: Catalyst amount increase

GC-FID results can be seen in table 16.

Table 16. GC-FID results of continuous reactor test 10

Test 10 Component concentrations (g/l)

Sample # B A C D

0 8.5975 1.7225 3.79 36.2975
1 0 0.07 0 0.4525
2 8.1875 2.5075 10.325 19.605
3 11.1 4.01 16.7275 304

4 9.3625 4.2275 16.2875 40.4975
5 9.09 4.38 16.5775 43.0525




Figure 21 shows the GC-FID results as a line chart.
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Figure 21. Line chart of continuous reactor test 10

The products had similar appearance to the products and raw material of experiment 8.

Due to this reason, the picture of the samples was not added.

4.3.10 Test 11: Concentration increase

GC-FID results can be seen in table 17.

Table 17. GC-FID results of continuous reactor test 11

Test 11 Component concentrations (g/l)

Sample# |B A C D

0 10.615 3.2625 8.1075 68.3725
1 13.68 3.77 9.06 67.4825
2 11.16 35 10.97 36.9325
3 11.5175 3.925 11.7175 70.5325

Figure 22 shows the GC-FID results as a line chart.
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Figure 22. Line chart of continuous reactor test 10

The appearance of the products was similar to the products and raw material of
experiment 8. Due to this reason, the picture of these samples was not added.

4.4 Discussion

The aim of the thesis was to do process development work on continuous C production
with catalysed HDO. First three experiments were done with 15, 30 and 60 g/h raw
material flow rates. The first and second sample of every test in the series represent a
time when the system was unstable, meaning that it will not be taken under inspection.
When comparing the colour of the products, it can be seen that they become lighter as
the flow rate increases. From the GC-FID analysis results it can be seen that highest C
yield is gained in 15 g/h. The analysis shows better results at lower flow rate. The
component concentrations of experiments 2 and 3 are very similar to each other after
the first three samples, meaning that the 60 g/h would be better choice if the process
were done with high flow rates. To test if the production increases with an even slower
current, the experiment 4 was conducted with a 7 g/h flow rate. The results show an
increase in the C yield compared to 15 g/h, but in the experiment 1 the experimentation
time was shorter. Even though the 60 g/h would produce more C per time, the 15 g/h
produces better results per raw material amount. The future experiments were decided
to be done using the 15 g/h flow rate. Initially it seemed as was observed with the batch
reactors, that the colour of the product is a good indicator of the product quality,
however the product colour of experiment 4 was lighter than in the experiment 1, which
would mean that it is not the case. The C production in experiments seems to lower at

the end, which could mean that the catalyst is deactivating. It was noticed that, nearly
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the same amount of D is produced in every test despite the different flow rates. During
the process 1, the pump had accidently turned off for 9 minutes because of the pump
settings, but this was estimated to have no major effect on the test results.

The test with F catalyst (reaction 5) was done with a 15 g/h flow rate to compare it to
the G test results. The first two samples show high C and D production. When
compared to experiment 1, these results are much higher, but the C and D production
of the next samples show a gradual decline after the first two samples. The reactor
weight in all experiments has been noticed to increase during the process. The
experiment 5 is the only one where the reactor weight had dropped. The reason for this
is most likely that the F catalyst is dissolving into X which would also explain the

declining yield.

Experiment 6 was done to decrease the system stabilization time by activating the
catalyst with X and hydrogen flow 1 h before start of the experiment. The first sample is
most likely residue from the reactor and the second sample according to GC analysis is
X, meaning they will not be taken under the study. The results after that show clearly
faster stabilization of the process when compared to the unactivated experiment 1.
Even though the concentrations were very similar to the experiment 1, the colour of the
products was much lighter. This could mean that the observation about quality of the

product is relative to the colour does not seem to apply after all.

The aim of the experiment 7 was to change the X solvent to Y. The experiment 7 had
problems with pressure and temperature. These did not stay stable during the process.
The results of experiment 7 were not taken under the inspection. After running the
experiment with only Y to determine the best process conditions, the pressure

controller was found out to be broken.

The experiments before 8 were using B synthesized before the beginning of thesis.
More raw material was synthesized and it was analysed with GC-FID which showed
that the material was B and suitable for the experiments. The synthesized raw material,
however, was noticed to have problems. Despite being filtered with a porosity 3 glass
filter, it still had a large amount of solid material in it. Due to this precipitation, the
concentration of reaction mixtures could not be made accurate. The only way to
estimate the true concentration is by filtering the raw material solution again and

weighting the separated solid. The colour of this raw material was dark brown. This
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affected the colour of the products making the visual examination of the products
impossible. The GC-FID analysis of the experiments 9-11 showed two peaks at
retention time: 13.5 and 14 min. Initially the 14 min peak was estimated to be D product
and the 13.5 min peak was possibly cis,trans C. The raw material solutions were
analysed after the experiments and it was noticed that the two peaks was also seen in
the raw material analysis This means that something has most likely changed with-in
the raw material which is affecting the results. This was not studied further because of
the thesis time limitations. Due to these reasons experiments 811 are not completely
comparable with the earlier results, however, they still offer a usable knowledge about

the process.

The experiment 8 was a retest of the experiment 7 with a fixed process controller. The
first sample was mostly Y from the experiment to find the stable process conditions for
Y, meaning it was not taken under the study. GC-FID results show a high D production
which is likely due to the raw material problems. The amount produced C, when
compared to earlier experiments are not very high. This again can be the result of the
raw material or the Y solvent. The temperature of experiment 8 was set to be too high
meaning that other side products could have formed. Precipitation was noticed in the
catalyst bed and the raw material solution after the experiment. 0 sample was analysed
after the experiment 11, meaning that it does not represent the raw material during the

experiment.

The recycling system experiment 9 was done to a test batch like a flow reactor. After
the first two samples, a magnetic stirrer was added to the feed/product vessel to keep
the concentrations uniform. The analysis shows that D and B concentrations increase
during the reaction. The C concentration begins to decrease after the second sample.
This could indicate that C is reacting to either D or back to the raw material. The last
sample was taken 24 h after the start of the process and it shows decreasing D
concentration. This can be due to the fact that D is degrading or to some other
unknown material. Due to the reactor set-up some of the X has been able to evaporate
from the feed/product vessel, which can affect the results by increasing the
concentration of the solution. This could also be the reason for the increasing raw

material or D concentration.

In experiment 10, the amount of the catalyst was increased five times higher. The GC-

FID results show a significant increase in the production. The experiment was done
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after the 9. Due to this, the reactor was cleaned with X feed before the experiment,
meaning that the first sample is mostly X and left out from the results. The raw material
was analysed after the experiment 11. Thus it does not represent the raw material

during the experiment.

The purpose of the final experiment was to test the effect of doubling the concentration.
Because the low amount of the raw material and short amount of project time left, the
experiment lasted only 3 h. The C production seems good when compared to the
earlier experiments. The number of samples was not adequate for an accurate
inspection. After the experiment, it was noticed that a large amount of raw material had
collected to the catalyst bed indicating that the material is not soluble enough to be
used in a doubled concentration. This problem of precipitation was also noticed during
preparing the raw material solution. From the catalyst bed it was also noticed that the
hardening, due to raw material collection, could only be seen on one side of the
catalyst bed, which could indicate that the raw material is not flowing through the whole
catalyst bed.

An unknown peak could be seen in some of the continuous GC-FID results near at 6.5
min. The samples, which had this peak, were analysed with GC-MS. The peak was
discovered to be L.

5 Conclusions

From batch reactor experiments, it is clear that reactor ii with a proper lagging is the
only working reactor. The other reactors seem to be too contaminated for sensitive
reagents like precious metal catalysts. The reactor 4 even with a new Teflon cup did

not produce good results compared to reactor ii.

If the project time allowed to accurately determine the causes of the batch reactor
problems, then more experiments should be conducted with pressure reactors. The
Reactor ii should be retested. This would confirm the repeatability of the reaction. The
reactor iv with a new Teflon cup should be done to verify the reaction problems with
nylon. The unknown pressure rise of reactor ii should be investigated further which
could provide interesting knowledge about why the reactor ii produced such significant

results.
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The continuous reactor experiments produced good results. The low flow rates seem to
be the best for the reaction due to preferable reaction mixture composition. However,
60 g/h flow rate produces more C faster than 15 g/h. The G is more viable for
continuous reactor process than F, due to the solubility and cost of F. The Y solvent
has production problems, but further studies should be conducted using it, as it is bio
derivable and more affordable than X.

The continuous reactor experiments indicate that results seem to decline at the end of
reaction thus the robustness of the G catalyst should be studied with longer
experimentation time. Y experiment should be repeated, because of the problems with
the raw material. The results of catalyst increase are significant. Even though the
experiment was conducted using the problematic starting material, there is no need to
repeat the experiment. The future tests should use the same amounts of the catalyst
bed chemicals. The increased catalyst and inert or more increased inert material tests
should be experimented with a 60 g/h flow rate, which could give a high production
rate. The raw material is not soluble enough for concentration increase. The possibility
that the material is not going through the whole catalyst bed would be a significant fact

to confirm.

Initially it seemed that the colour of product was a good indicator of the product quality,
when batch reactor experiments were observed. However the continuous reactor
experiment results to seem show that this is not the case. The source of colour in

experiment 1 products is unknown and should be researched.

Other reactor possibilities should also be considered. A slurry reactor, for example, can
be used in gas-liquid-solid reactions in which the solid catalyst is mixed in with a liquid.
The gas is introduced to the system by bubbling it from the bottom of the reactor. In the
slurry reactor process, the catalyst is more in touch with the liquid potentially causing a
higher reaction rate. Slurry reactors also offer a better temperature control. The
problem with the slurry reactor would be the need for separation unit to remove the
catalyst from the solution. [27, p.375; 28, p. 210]

The project did not allow enough time for the process optimization. To search for the
best possible process optimum, using Design of Experiments (DOE) design would be
recommended. DOE can reveal which factors are significant or how the factors affect

each other. It can used to produce a model for the process, which can be used to
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search the optimum maximum. Firstly the quantity of process factors is determined.
High and low values for the factors used in tests are decided and these are coded into
1 and -1. The number of tests can be determined using 2"-method, where n is the
number of test factors. Then the tests are then planned by creating a table with all of
the possible factor combinations. These experiments should be conducted in a random
order to ensure a statistical independence of the results. When the experiments are
complete, the data can be processed to create the process model and response
surface with, for example, excel or design of experiments specific software. The
response surface can be used to look for a local or best possible optimum. A couple of
zero point experiments, in which the tests are conducted at midpoints of the facto
values, should also be included in the test design. If the subtraction of the average of
zero points and test results differs from the test error, this could signify that the process
model is nonlinear. If the process model is nonlinear more experiments have to be
conducted. The nonlinear model can be produced by using Central Composite Design,
in which experiments are conducted with all factors except one as zero. This is done to

every value. An example for DOE design with CC can be seen in table 18. [29]

Table 18. DOE example with CC

2"-method

Test number | Temperature Pressure |Feed rate
1 1 1 1
2 -1 -1 -1
3 1 -1 -1
4 -1 1 -1
5 -1 -1 1
6 -1 1 1
7 1 -1 1
8 1 1 -1
9 0 0 0
10 0 0 0
11 0 0 0
CC-design

Test number | Temperature Pressure | Feed rate
12 1 0 0
13 0 1 0
14 0 0 1
15 -1 0 0
16 0 -1 0
17 0 0 -1




35

References

10

11

12

13

Arpe, Hans-Jurgen. Industrial Organic Chemistry. 5th Ed. Weinheim: WILEY -
VCH; 2010.

British plastic federation [Internet]. London(UK): British plastic federation; 2016.
Nylons (Polyamide); [Date of publication unknown] [cited 12.1.2016]. Available
from: http://www.bpf.co.uk/plastipedia/polymers/polyamides.aspx

Szubat, Ewa; Thomas, David. Mapbio-Market Data. Espoo: Technical Research
Centre of Finland Ltd(FIN); 2015 Mar. 44 p. Report No.: 632015

Esposito, Frank. 2013. Experts discuss markets for nylon, polycarbonate, PS and
ABS. Plastic news.
http://www.plasticsnews.com/article/20131118/NEWS/131119930/experts-
discuss-markets-for-nylon-polycarbonate-ps-and-abs. Cited 11.1.2016

Reference hidden due to secrecy.

Chen, Guo-Qiang; Patel, Martin K. Plastics Derived from Biological Sources:
Present and Future: A Technical and Environmental Review. Chemical Reviews.
2011 Dec 21;112(4).

Reference hidden due to secrecy.

Werpy, Todd; Petersen, Gene. 2004. Top Value Added Chemicals from Biomass
Volume 1 —Results of Screening for Potential Candidates from Sugars and
Synthesis Gas. Oak Ridge. U.S. Department of Energy (DOE)

Reference hidden due to secrecy.

Xie, Neng-Zhong; Liang, Hong; Huang, Ri-Bo; Xu, Ping. Biotechnological
production of muconic acid: current status and future prospects. Biotechnology
Advances. 2014 May—June;32(3).

Reference hidden due to secrecy.

VTT [internet]. Espoo: VTT Technical Research Centre of Finland; 2015. About
us; [Date of publication unknown] [cited 12.3.2016]. Available from:
http://www.vttresearch.com/about-us.

Reference hidden due to secrecy.



14

15

16

17

18

19

20

21

22

23

24

25

26

36

Rosa-Sibakov, Natalia; Kuutti, Lauri. Pectin-rich raw materials. Espoo: Technical
Research Centre of Finland Ltd(FIN); 2014 Dec. 29 p. Report No.: VTT-R-03986-
14.

Connor, Ralph; Adkins, Homer. Hydrogenolysis Of Oxygenated Organic
Compounds. Journal of the American Chemical Society. 1932 Dec;54(12).

Santillan-Jimenez, Eduardo; Crocker, Mark. Catalytic deoxygenation of fatty ac-
ids and their derivatives to hydrocarbon fuels via decarboxyla-
tion/decarbonylation. Journal of Chemical Technology and Biotechnology
[Internet]. 2012 Mar 26][cited 2016 Feb 2];87(1) Avaiable from
http://onlinelibrary.wiley.com/doi/10.1002/jctb.3775/full. doi: 10.1002/jctb.3775

Ziegler, Jeanette E.; Zdilla, Michael J.; Evans, Andrew J.; Abu-Omar, Mahdi M.
H2-Driven Deoxygenation of Epoxides and Diols to Alkenes Catalyzed by
Methyltrioxorhenium. Inorganic Chemistry. 2009 Oct 06;48(21)

Larsson, Ann-Charlotte. Study of Catalyst Deactivation in Three Different
Industrial Processes [Doctoral thesis]. [Vaxjo (SW)] Vaxj6 University; 2007. 67 p.

Kitson, Fulton G.; Larsen, Barbara S.; McEwen, Charles N. Gas Chromatography
and Mass Spectrometry. San Diego: Academic Press; 1996.

Lundanes, Elsa; Reubsaet, Leon; Greibrokk, Tyge. Chromatography: basic
principles, sample preparations and related methods. Hoboken: Wiley-VCH;
2014.

Hornak, Joseph P. The Basics of NMR [Internet]. Rochester (NY): Rochester
Institute of Technology; 1996 [updated 1999; cited 2016 Mar 20]. Available from:
https://www.cis.rit.edu/htbooks/nmr/nmr-main.htm

Horst Friebolin. Basic One- And Two-Dimensional NMR Spectroscopy. 3rd Ed.
Weinheim: WILEY-VCH; 2010.

Griskey, Richard G. Chemical Engineering for Chemists. Washington: American
Chemical Society; 1997.

Luhtiniemi, Kalle;Turpeenoja, Leena. Mooli 3 KE3 Reaktiot ja energia. Keuruu:
Otava; 2009

Sinnott, Ray K.; Towler, Gavin. Chemical Engineering Design - Sl Edition. 5th Ed.
Oxford: Butterworth-Heinemann Ltd; 2009.

Heberle, Jochen. Silylating Agents. 2nd Ed. Buchs: Fluka Chemie AG; 1995.



27

28

29

37

Hill, Charles G.; Root, Thatcher W. Introduction to Chemical Engineering Kinetics
and Reactor Design. 2nd Ed. Hoboken: John Wiley & Sons, Inc., 2014.

Satterfield, Charles N. Trickle-Bed Reactors. AIChE Journal.1975 Mar;21(2).

Engineering statics handbook [internet]. Gaithersburg: National Institute of
Standards and Technology; c2003-2016. 5. Process Improvement; [updated
2013 Oct 30; cited 2016 Mar 20]. Available from:
http://www.itl.nist.gov/div898/handbook/pri/pri.htm



Appendix 1

1 (63)

Reactor i GC-FID

166°L

epT9E

STEEL

ETTTTTI0T'6

90TC

L[88ET

€89°¢

55€9T

98LEE

9

TLL°0

TT1T

€5E°0¢E

88T

09t8L¢

0T 6T 8T LT 9T

evoe

b2091

9/1°8T

T/8¥8

084991

vz ‘€T ‘T

6T

SC0°8T

m | |O |0
— | Jo | =

awiL

o . .
meay|ubiay| eaty #iead|pun|-ouoy| ey swen|#al
U 0% 0se 0% 0'ee 0z 0 0'0e 06k 03k 0L 0L 05k 07l ek ir4% 0L oo 0% 08 0L 09 0's (A4 0e lir4 0 0o
e e e e A e T ; ; R ; ; AP TP SR SO I P A .
e ok o ok En i3 A r' L 0
T%J}{%é b T e o
5.% 4_ ﬁ ! ! g
{00004
001 H oo 0002
o Fooooe
{00007
002+
{00005
052
| Foooos
00€ {00002
05t {-00008
NESSdWS L U B!
] AN

LELZT QIadies
I zgauen s

pabijpoaueyy sjeeg




Appendix 2

2 (63)

Reactor ii GC-FID

vEL'ST [21695 [€789TT 8T ‘LT '9T| |BlosEs [£88€T al ¥
¥SL'9 |vzsoz [L1TTy 11T ot 181960 [9ST'TT 5 ¢
€16'S [pOSLT [zs89€ ez 'z 1z oz plLzo [vzoot v| 2
€86'€ [80SOT |o¥8vz | ‘8T ‘LT ‘9T 'ST ‘¥T| |B|€62°0 |SZ0°ST al 1
awil
v%ealy|1ybiaH| eary #ead|iun|-ouoy| 19y awen|#al




Appendix 3

3 (63)

Reactor iv fraction 1 GC-FID
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Appendix 4

Reactor iv fraction 2 GC-FID
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Reactor ii Retest GC-FID
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Appendix 6
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Continuous experiment 1-6: Raw material
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Continuous experiment 1: Sample 1
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Appendix 9

Continuous experiment 1: Sample 2
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Appendix 10

Continuous experiment 1: Sample 3
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Appendix 11

Continuous experiment 1: Sample 4
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Continuous experiment 1: Sample 5
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Appendix 13

Continuous experiment 2: Sample 1

916’6 |L00ZE [8P€68 | ™ ‘TS ‘TS ‘0S ‘6 ‘8p| |/6|99S°C |L88ET al ¢
L08°LT |P9¥99 |8¥T09T 9€ 'SE ‘PE€ ‘€€ ‘TE| |/B|T99°E [9STTT o ¢
989°'PT (7986Y |6TECET| ™ L9799 ‘SO ‘¥9 '€9| |/B|TL6'0 |¥T0°9T vl ¢
9€T'8 |STL8T [80€EL | ™ ‘L8798 'S8 '¥8 '€8| |/6|998°0 |ST0'8T al 1
oWl
%,ealy|ybisH| eaiy #jead|yun|ouon| 19y| swen|#al
am\\%\\i\‘ L j .4. qi AT [ AT 5: ‘Haﬁ
002-] \L\ :
s :H.m,MDDDmN
_Lgisdoa m_gm




Appendix 14

14 (63)

Continuous experiment 2: Sample 2
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Continuous experiment 2: Sample 3
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Continuous experiment 2: Sample 4
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Continuous experiment 2: Sample 5

0%

00

T19°0T [S50S€ [zzese | ‘6€ ‘8¢ ‘L€ 9 ‘sg| 6]seL T [£88°€T al

vze LT [8veve [szivsT| 9z ‘st ‘vz ‘sz ‘Tz| plTEsE [osTTT 5 ¢

S8L°ET |Lvzov [seserT| " 'ss ps ‘€S zs ‘TS| /68060 [vzooT vl 2

996’8 [68STE |S¥S08 | ‘9L ‘SL vL ‘€L TL| 6|1S6°0 [Szo'sT al
awiy

v ealy|1yblaH| ealy #ead|iun|ouos|  1ay| awen|#al

e X

_ 57 154001pwes
577 |80 Aue) spues
pabisg |35 Jauen sleeq




18 (63)

Appendix 18

TST'OT [699€€ [€£€€6 | " '6€ '8E L€ 9€ ‘SE| |/B[T89°T |£88°€ET al r
L¥9°9T |9SCE9 |CTTEST 9z ‘St ‘T ‘€T ‘Tr| |/B|PEYE [9STTT o] B>
€0PT |T896F [9PO6ZT |~ 'SS VS ‘€S TS ‘TS| |/B|Lv60 |vT09T vl ¢
SS9°CT (8PTLY [2OP9TT | " ‘£ 9L 'SL vL '€L| |/B|SLET |STO'ST al |
awiL
© yealy[iubleH| eaiy piead|un|-ouos| yeu|swen|xal
Q
o
£
©
)]
N o 0 gs oy 0E oz o
m 0
O Fonsz
m I Fooos
n_r.v Eoosz
o Eooool
X EonszL
(]
n Eooost
> Eoosz)
(@] Eooooz
=]
c Foosez
— [FOH-00052
n - Tn



Appendix 19

19 (63)

Continuous experiment 3: Sample 1
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Appendix 20

Continuous experiment 3: Sample 2
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Continuous experiment 3: Sample 3
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Appendix 22

Continuous experiment 3: Sample 4
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Continuous experiment 3: Sample 5
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Continuous experiment 3: Sample 6
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Continuous experiment 4: Sample 2

pOE'8 [60L6€ [€0000T | ™ ‘6V ‘8% ¥ ‘O ‘st| /6|8 [/88°€T al
1S7°TT [999T0T (196297 |  SE ‘pE ‘€€ ‘TE 1€ B|PTT9 [9ST'TT 5 ¢
897'TT [S8/8y [00LSET | ™ ¥9 €9 79 19 ‘09| |6|s66°0 [vz0'9T vl 2
S90°07 [98666 |0v9TvT | ‘98 'S8 ‘¥8 ‘€8 78| |/B|vS8T [ST0'ST al
v%ealy|1yblaH| ealy #ead|1un| -ouoo| awl Jay| awen|#al

0%z

00e

duwe | us/o twunpg

Pz 1540

Zv 1S40




Appendix 27

27 (63)

Continuous experiment 4: Sample 3
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Continuous experiment 4: Sample 5
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Appendix 31

Continuous experiment 5: Sample 2
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Continuous experiment 5: Sample 3
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Continuous experiment 5: Sample 4
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Continuous experiment 5: Sample 6
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Continuous experiment 6: Sample 1
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Continuous experiment 6: Sample 2
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Continuous experiment 6: Sample 3
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Continuous experiment 6: Sample 4
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Continuous experiment 6: Sample 5
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Continuous experiment 6: Sample 6
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Continuous experiment 8: Sample 1
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Continuous experiment 8: Sample 2
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Continuous experiment 8: Sample 3
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Continuous experiment 9: Sample 1
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Continuous experiment 9: Sample 2
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Continuous experiment 9: Sample 3
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Continuous experiment 9: Sample 4
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Continuous experiment 9: Sample 5
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Appendix 52
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Continuous experiment 10: Sample 1
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Appendix 53

Continuous experiment 10: Sample 2
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Appendix 54

Continuous experiment 10: Sample 3
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Continuous experiment 10: Sample 4
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Appendix 56

Continuous experiment 10: Sample 5
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Continuous experiment 11: Sample 1
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Continuous experiment 11: Sample 2
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Appendix 59

Continuous experiment 11: Sample 3
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Continuous experiment 8: Raw material
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Continuous experiment 9-10: Raw material
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Appendix 62

Continuous experiment 11: Raw material
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Continuous experiments 8-11: Raw material before the experiments
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