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Abstract

The oxidative cracking of n-decane was investigated at millisecond contact times over
platinum alumina washcoated monoliths at a fuel-air equivalent ratio (@) of 5. High valuable
linear a-olefins were so produced through an autothermal way concomitantly with oxygenated
compounds, CO, CO, H> and H>O.

A fine identification of reaction products coupled with the study of thermal phenomena
occurring with both active and deactivated catalysts allowed to investigate the n-decane
transformation mechanism and to discriminate heterogeneous and homogeneous reactions.
This process is a 2-zone reaction system involving catalytic combustion of one part of
reactant which provides enough heat for gas phase radical transformations initiation. Long
chain hydrocarbons result from homogeneous decomposition of oxygenated intermediates
such as decylperoxy radicals into aldehydes and a-olefins.

Keywords: a—olefins, oxygenates, partial oxidation, homogeneous heterogeneous reactions.
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1. Introduction

Linear a-olefins (LAO) are pervasive as raw materials for daily lives products such as
plastics, packaging, detergents, paints and lubricants for mechanics engines [1]. Ethylene
oligomerization provides the whole of LAO market [1,2] and operates with homogeneous
catalysts in an organic solvent between 100 and 250 °C and under high pressures (> 100 atm)
[1,3]. Most of LAO units use Ziegler and Ziegler-Natta type catalysts such as in Gulfene,
Ethyl and Idemistsu processes. These processes are unselective and lead to a Schulz-Flory or
Poisson type distribution of LAO chain lengths [3]. Contrariwise, Shell Higher Olefins
Process (SHOP), which uses nickel coordination compounds, is versatile and able to adapt the
selectivity to the market need thank to the double bond isomerization followed by the

disproportionation of undesired LAO [4].

A cleaner technology to produce LAO could consist in the oxidative cracking (OC) of
hydrocarbons on a heterogeneous catalyst in a millisecond reactor operating under
atmospheric pressure. Schmidt et al. developed this technology primarily for the production
of syngas from methane partial oxidation [5-9]; light olefins from ethane [5,10-13] and
propane [10,11,14] oxidative dehydrogenation and Cs4-Cg hydrocarbons oxidative cracking
[14-18]. In few works they demonstrate its relevance for LAO synthesis from higher n-

alkanes (n-decane [19] and n-hexadecane [20,21]).

Partial oxidation of hydrocarbons into syngas is carried out on Rh catalysts and at fuel-
air equivalent ratio (@) close to 3 [5,10,15,22,23], which is defined as the ratio of fuel-to-
oxidizer ratio of the reaction to the stoichiometric fuel to oxidizer combustion ratio. This
exothermal reaction imposes reactional temperatures above 1000 °C. On lean mixtures (& >
3), unreacted fuel cracks into olefins through endothermal reactions [17,21,24]. The required
heat is then provided by exothermal oxidation reactions, allowing to reach an autothermal

state of the process. Combustion catalysts such as platinum are then preferable to produce



olefins [19,25]. It is well established than millisecond reactors are 2-zone reaction systems
[17,25-28] , implying heat generation from catalytic combustion of a part of the reactant and
gas phase formation of olefins from unreacted fuels. While light alkanes homogeneous
oxidative dehydrogenation into corresponding alkenes occurs through radical oxygen-assisted
or pyrolytic mechanism [25,29-31] within the channels and downstream of the monolith
[13,32,33], the path of LAOs formation from higher n-alkanes is yet unclear. These products
are obtained at catalyst equilibrium temperatures below 800 °C, resulting into yields of 60 %
from n-decane [19] and n-hexadecane [21] oxidative cracking. Considering the incomplete
oxygen consumption from combustion reactions at these temperatures, the higher reactivity of
long chain hydrocarbons for oxidation reactions [34] and lower C-C bond energy [35], the
millisecond oxidative cracking of higher n-alkanes could involve different heterogeneous and

homogeneous mechanisms.

The purpose of this study is to evaluate the performances of the millisecond oxidative
cracking of a model molecule, n-decane, on a fresh and aged platinum-based catalyst at a fuel-
air equivalent ratio @ = 5. The efficiency will be evaluated in terms of thermal balance and
yield into a—olefins. The study of thermal phenomena occurring during the OC of a model
molecule (n-decane) coupled with the identification of products (through gas
chromatography-mass spectroscopy (GC-MS)) will be carried out in order to understand all
the mechanisms involved. The two catalytic systems (fresh and aged catalysts) will allow to
discriminate the heterogeneous and homogeneous transformations occurring in a millisecond
reactor, while maintaining constant hydrodynamic operation and similar thermal behavior of

gas phase.



2. Experimental
2.1. Catalyst preparation

Cordierite monoliths (CTI, 15.8 mm diameter, 5 mm length, 600 cells per square inch
(cpsi) were washcoated with gamma-alumina from a procedure adapted from the work of
Amariei et al. [36]. The preparation method consisted in dipping the monolith into a sol
prepared by adding boehmite (Disperal P2, Sasol) into an acidified aqueous (0.3 mol L
HNO; in ultrapure water) urea (Sigma-Aldrich, 99%) solution. After unclogging of the
channels and drying, monoliths were calcined at 500 °C. Washcoated monoliths were then
immersed in an aqueous (ultrapure water) solution of platinum salt precursor (H2PtCle-6H20,
Alfa Aesar). Impregnation step ended after complete evaporation of the solvent in a sand bath.
Finally, after drying, they were calcined at 500 °C for 2 h and reduced at 800 °C for 2 h.
Catalyst aging was carried out through ten cycles of long-time reaction (24 h) - regeneration
at high temperature (> 800 °C). Chemical and structural properties of the catalytic material
were characterized using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-
OES, Agilent 5110), Transmission Electron Microscopy (TEM, JEOL 2100 UHR) and
nitrogen sorptiometry (Micromeritics Tristar 2). Initial activities were evaluated for the
reaction of propane dehydrogenation at 575 °C and at total gas flow rate of 0.1 NL min’
(GHSV = 18300 h'!) with a composition of C3Hs/N»/H at a volumetric ratio of 50/45/5.

Results are summarized in Table 1.

2.2. Catalytic test

The experimental setup, represented in Figure 1, is composed of three main parts
consisting in a reactant feeding system, a reactor and an analytical device. They are detailed in

subsections 2.2.1, 2.2.2 and 2.2.3, respectively.

2.2.1. Feeding device



The reactor was fed with air, provided by a mass flow controller (Bronkhorst) and
purified by a moisture adsorber (Molecular sieve 13 X, Prolabo) followed by activated
charcoal (Roth). Liquid n-decane (> 99 %, Sigma-Aldrich), contained in a 10 psi pressurized
tank, was introduced by an automotive injector (E.F.S.) downstream of the tank. The
periodical opening of automotive injector allowed to pulverize pressurized liquid on the

reactor walls.

2.2.2. Reactor

The reactor consisted of a quartz tube (16 mm inner diameter (ID), 755 mm length),
inserted in two tubular ovens. A first tubular oven (260 mm length) was used to preheat the
reactants, to vaporize n-decane and to mix it homogeneously with air. A second tubular oven
(200 mm length) was used to provide the heat required for reactions. Temperature profiles
were recorded using K-type thermocouples (1 mm diameter) inserted in a thermocouple well
inside the reactor and positioned at 0, 10 and 55 mm downstream of the back face of the
catalyst. Two reaction times were calculated from the two distinct areas of reaction (1) the
contact time (zconacr) Of the reactants with the solid monolith, corresponding to heterogeneous
area and (2) the residence time (zresidence) Of the reactants in the activation oven, corresponding
to homogeneous area (Figure 1). Pressure was measured using a pressure gauge positioned at

the reactor head.

2.2.3. Product Analysis

The gas flow at the reactor outlet was divided: (i) a portion is sent to an online gas
chromatography (GC) and (ii) the main flow past through a condenser at 5 °C in order to
sample liquid products for offline analysis. All the gas lines between the reactor outlet and the

online GC were heated by heating tapes to avoid any condensation.



2.2.3.1. Products quantification online by internal standard

The products were quantified online with a SCION 456 gas chromatography, outlined in
supporting information (Figure SI. 1) and equipped with three detectors: (1) a Thermal
Conductivity Detector (TCD) fitted with a Hayesep Q (0.25 m x 1/16 in. outer diameter (OD),
1 mm ID, 80-100 mesh) packed column followed by a Molsieve 13X (0.25 m x 1/16 in. OD,
I mm ID, 80-100 mesh) packed column for the analysis of Ha, Oz, N2, CO,, CO. (2) Two
Flame Ionization Detectors (FID) fitted with a CP-Wax 58 CB (50 m x 0.32 mm, 0.5 pm film
thickness) capillary precolumn followed by a Rt-Alumina/MAPD (30 m x 0.32 mm, 0.5 pm
film thickness) capillary column for the analysis of C; to Cs hydrocarbons and a SCION-1MS
(30 m x 0.32 mm, 0.5 um film thickness) capillary column for the analysis of higher
hydrocarbons. Gas sampling was provided by heated Valco valves, allowing to inject
repeatable quantities of gas. TCD were calibrated from gas mixtures of known pure
compounds diluted in nitrogen. For FID calibrations, a known concentration of hydrocarbons
gas mixture (alkanes and 1-alkenes) from C; to Ce provided by Air Liquide was used to
determine the carbon response coefficient. Response coefficients of oxygenated products were
estimated using the Effective Carbon Number (ECN) concept [37] after offline identification
through GC-MS.

2.2.3.2. Condensable products identification offline

In order to simplify the identification, the condensates were preliminary fractionated
through two different technics (1) distillation at atmospheric pressure and (2) solid-phase
extraction (SPE). The fractions were also injected in the online GC in order to correlate the

retention times of identified compounds through GC-MS.

Solid-phase extraction: a silica cartridge (Bond Elut-SI, 1.5 g, 3 mL, 40 um, Agilent) was

washed with n-pentane (7 mL) before introducing the sample. The cartridge was then washed



with n-pentane (5 mL) and dried before elution with CH2Cl> (5 mL) and finally with methanol

(3 mL).

GC-MS analyses: The GC (Agilent 7890A)-MS (Agilent Accurate-mass QTOF 7200) device
was fitted with a DB-Wax (40 m x 0.18 mm, 0.30 um film thickness) capillary column

followed by a SCION-1MS (30 m x 0.32 mm, 0.25 um film thickness) capillary column.

2.2.4. Experimental procedure

At the startup of the process, the preheating and activation ovens are heated at the
desired temperatures with a constant feeding of 2 NL min™! of air. The reactor is then fed with
14 mg s of n-decane and a temperature increase measured by K-type thermocouples is
observed. After some minutes the temperature keeps constant, the process is operating at its
steady state at a pressure close to 112 kPa. In the experiments conditions, Tconaer and Tresidence
are close to 10 ms and to 0.5 s respectively (at average temperatures of 550 and 400 °C
respectively). The online analysis is carried out at different time-on-stream. Typical
chromatograms of the three channels are available in the supporting information (Figure SI.

2). From these chromatograms, conversions and yields are calculated as follows.

The molar flow of a compound i at the reactor outlet (F; in mol min!), was determined from

internal GC calibration with inert nitrogen:

F
Fi = Ki X Si X L
SN, X KN,

Were §; and Sy, are the chromatograms peaks surfaces and K; and Ky, the response

factors of species i and N> respectively.

Assuming the quantification of all outlet compounds, conversion of n-decane (X,_gjecane)

was determined as follows:



_ Zi(xi X Fi,products)

= X .
Xn—decane Zi(xi % Fi) 100

Were x; is the number of carbons atoms in the compound i.

Dioxygen conversion was calculated from inlet molar flow (Fp, ) provided by mass flow

controller:

The yield of hydrocarbon product j (Y;) were reported on a carbon atom basis as follows:

_ _XjXFj

J T RilxFy) x 100.

The hydrogen yield (Yy,) was reported on a hydrogen atom basis:

— _YiXFj
Yo, = ZiyixFy) * 100.

Were y; and y; are the number of carbons atoms in the compounds j and i respectively.

Oxygen atom balance was closed to determine water molar flow rate and carbon and

hydrogen atom balances were typically closed within + 8 %, similar to Schmidt ez al. [15,21].

The fuel-air equivalent ratio (@) refers to the following equation:

2ilx; X F;)
Fo,0

(FC10H22)
Foz

¢=

Stoichiometry

3. Results and discussion

n-decane oxidative cracking is carried out with a fuel-air equivalent ratio (@) of 5 on a
fresh and aged Pt/Al,Os catalysts. The catalysts are in the shape of monolith with cells per

square inch of 600. Table 1 summarizes the main physicochemical properties of the catalysts.



Cordierite monoliths have a specific surface area close to zero which is dramatically
augmented through washcoating of porous gamma-alumina. The aged catalyst, obtained after
ten reaction-regeneration cycles at high temperature lost more than two thirds of its initial
surface area, which indicates a washcoat morphology degradation. Fresh catalysts have
similar Pt nanoparticles properties as regards of average diameter (1.4-1.5 nm), dispersion
(77-81%) (Table 1) and size distribution (Figure SI. 3 and Figure SI. 4.A respectively).
After aging, Pt particles sintered (Figure SI. 4.B and C), leading to a bimodal distribution
with larger particles (average diameters of 11.1 nm) and a lower dispersion (10 %) Table 1.
Aged catalyst disclosed an initial activity for propane dehydrogenation reaction a half that of

the fresh catalyst (Table 1), confirming the decrease of dispersion.

Figure 2 compares temperature profiles measured at different points downstream of the

reactor with and without reaction on the fresh and aged catalysts.

Prior to gas feeding, the catalyst is preheated at 400 °C. In order to characterize the
thermal loss during the gas release, experiment was merely carried out under air flow. After
the shutdown of the oven, it immediately cools and whatever the point of temperature
measurement, they decrease exponentially. These evolutions can be characterized by the

thermal time constant (z, Table SI. 1).

Upon flowing n-decane through the automotive injector, temperature of the monolith
rises up to 600 °C on the fresh catalyst then rapidly decreases to reach a plateau at 550 °C.
Therefore the process operates autothermally. Part of the heat released by reactions
compensates for the thermal losses of the oven. There is a significant temperature gradient
downstream of the monolith as the temperature falls down to 230 °C at 55 mm. The thermal
time constant is twice as much as the one obtained without reaction (Table SI. 1). This strong
thermal gradient can quench some combustion reactions. When nitrogen replaces feed gases,

temperatures suddenly drop (7) and the process spontaneously extinguishes.

9



On aged catalyst, the temperature profile is different, with lower temperatures (-100 to -
350 °C), no stationary state, moreover the process extinguishes from 400°C even without stop
the feed gas. It is worth noting that at 55 mm from the back-face monolith, the temperature
remains constant for 10 min after catalyst extinction which could indicate that exothermic
reactions still to occur during the extinction. After switching from reacting gas to air, an

exotherm appears on the monolith back face, probably due to the coke combustion.

Without catalyst and under same conditions (i.e. blank test), no stationary state is

observed, only the cooling of gas phase.

n-decane oxidative cracking yields CO., CO, oxygenated compounds, decenes, O-
olefins, light olefins, methane and hydrogen as well as water (not quantified). The yields into
carbonaceous products and oxygen conversion are shown at different reaction times on fresh
and aged catalysts and during the blank test in Figure 3. Hydrogen yield on fresh and aged
catalysts are shown in Figure 4 at different reaction times. No carbon formation is observed
on the reactor walls and no traces of coupled and aromatic products are detected. Their
formation requires a longer residence time at high temperature (0.1 s to 1 s) as in the steam
cracking [38].

Without catalyst, the reactor cooling extinguishes homogeneous reactions, oxygen and
n-decane conversions reach respectively 4 % and 3 % at a gas phase temperature of 220 °C
(Figure 3). Low activity catalyst is then required to sustain a temperature high enough to
initiate homogeneous reactions.

On fresh catalyst, more than 93 % of oxygen is consumed throughout the run, while the
conversion into n-decane is incomplete and decreases with time-on-stream (TOS). Yet, it
remains high even after 1 and 3 h (ca 50 %, Figure 3). The incomplete conversion of oxygen

is due to the very short contact time throughout the monolith (7= 10 ms).

10



The yield into hydrogen, initially important, diminishes with the TOS (Figure 4), while
remaining much more important than on aged catalyst. This suggests that hydrogen is
produced catalytically during the combustion probably by the water-gas shift reaction
(WGSR): CO + H,0 = CO, + H,. or steam reforming: C,H,, + xH,0 = xCO + 2xH,.
WGSR is thermodynamically favored at low temperature, yet it is kinetically favored at high
temperature. Indeed, several authors have shown that catalytic combustion dominates in the
first millimeter of the catalyst bed [13,17,27,29,39,40], H> and CO being mostly produced
along with some H>O and CO». Moreover the temperature is 100-200 °C higher than the one

measured at the catalytic bed outlet.

The decrease of CO and CO; yields leads automatically to the loss of heat generation,
resulting in a temperature decrease and therefore a loss of catalyst activity. The deactivation
also impacts selectivities. Olefins selectivity decreases concomitantly with an increase in
oxygenated products.

On aged catalyst, the oxygen conversion is lower than that on the fresh one and
decreases with the time-on-stream. The conversion of n-decane is similar to that of the
stabilized fresh catalyst despite the temperature drop of the monolith (-250°C). On the other
hand, selectivities are different with more oxygenated products. All of them are produced
through homogeneous reactions that occur downstream of the monolith [16,41-43]. So, on
fresh catalyst, both heterogeneous and homogeneous reactions occur simultaneously while on
the aged one (almost totally deactivated) only reactions in the gas phase take place.
Homogeneous reactions appear downstream of the monolith in the hot zone where
temperatures are higher than the ignition temperature of n-decane (i.e. 208 °C). The residence
time along the hot zone is 0.5 s which is one order of magnitude higher than the contact time

through the monolith. The auto-ignition of n-decane provides enough energy to initiate the

11



reaction through homolytic fission of the alkane. Yet, n-decane pyrolysis investigations (i.e.
without oxygen in the feed gas) at controlled temperatures (inside the second oven, i.e.
activation oven, Figure 1), reveal a thermal cracking of hydrocarbons chains into shorter ones
begins from 550 °C with a low yield into olefins (1.5 wt.%, Figure 5) despite a long residence
time (0.5 s) throughout the reactor. Hence, olefins are rather released at this temperature from

oxidative cracking than from thermal cracking.

Figure 6 displays the distribution of the olefins as a function of carbon chain length
obtained in oxidative gas phase (aged catalyst) and on fresh catalyst. The olefins range from
ethylene to double bond position of decene isomers. Therefore, the oxidative cracking implied
in this homogeneous catalytic process is unselective. The olefins consist almost exclusively of
linear a-olefins. Their distribution is asymmetrical towards light olefins in particular with
increasing temperature. Schmidt et al. studied the oxidative cracking of n-decane on Pt or Rh
alumina foam at temperatures beyond 700 °C [15,19,21]. They noted that the distribution of
olefins flattens with decreasing temperature. This behavior was observed during pyrolysis
tests (Figure 5.B) in which the distribution becomes even more asymmetrical toward light
olefins with increasing temperature. Hence, high temperatures (> 600 °C) favor thermal multi-
cracking and produces high yields into ethylene and propylene. The multi-cracking takes
place as confirmed by the low 1-nonene/methane molar ratio (0.13). The lab scale millisecond
reactor can process ~ 1.3 kg/day of n-decane and produce LAO up to 0.17 kg/day. It is
obvious that after optimization and recycling, this technology can produce large amount of

LAO autothermally even with long carbon chain length by using parallelized reactors.

Unlike pyrolysis (Figure 5), the oxidative cracking on fresh and aged catalyst (i.e. with
and without heterogeneous reaction, Figure 6) yields all possible double bond positions of

decene isomers (Table 2) including dec-1-ene which is the only isomer of industrial

12



importance. This indicates that their formation takes place in the gas phase and involves

reaction with oxygenated species, namely O,, HO® [44,45].

The oxygenated products were identified by GC-MS and quantified by GC-FID. Table
3 classifies the products into two families according to their carbon number: ketones, oxiranes
and tetrahydrofurans with ten carbon atoms and the second ones to aldehydes with less than
ten carbons. Ketones and cyclic ethers result from the decomposition of the decyl
hydroperoxy radical through H atom transfer [44,46] while aldehydes are formed through [3-
scission [44,46]. This path which requires a C-C bond cleavage is more energetic. Figure 7
and Figure 8 display the mass distribution of ketones, oxiranes, tetrahydrofurans (THF) and
aldehydes according to the carbonyl position or the chain length of alkyls, while the
distribution of aldehydes is a function of the carbon chain length. Despite a higher yield of
oxygenated products formed in the gas phase (on aged catalyst), the proportion of the
different families is identical to that obtained on the fresh catalyst in which homogeneous
reactions also occur downstream of the catalyst. The main products are aldehydes and THF
(about 40 % each), then oxirane (13-16 %) and ketones (8 %). Among the products resulting
from hydrogen transfer without C-C bond cleavage, long chain alkanes mainly form THF as
demonstrated by Dagaut et al. [44]. No decanal is observed which suggests that addition of O>

only occurs on secondary carbons.

Oxygenated compounds formation involve two successive steps (Figure 9) (1) O:
addition on secondary carbon and (2) H (primary and secondary) transfer no further away
than 1,6. For example: for the 2-heptyl-3-methyloxirane, which corresponds to the oxirane 1,7
according to the Figure 7 abscissa, the first step can occur on carbons in equivalent positions
2 and 9 or 3 and 8 of n-decane backbone. Two hydrogens are bonded on each of them and n-
decane contains 16 secondary hydrogens. Therefore the probability of O, addition is 2/16 for
each position, assuming a similar energy barrier for all secondary hydrogen abstraction at the

13



temperatures involved in OC [47]. If the peroxy radical is located on position 2 or 9, the H
transfer 1,4 has to occur on hydrogens bonded on carbons in positions 3 or 8, respectively.

Two hydrogens are bonded on each of these carbon atoms, and ten hydrogen atoms are at a
distance of an H transfer 1,6. Therefore the probability for each pathway is (%) X (12—0).

Likewise, if the peroxy radical is located on positions 3 or 8 the H transfer 1,4 has to occur on

hydrogens bonded on carbons in positions 2 or 9 respectively. Therefore the probability for

each pathway is (%) X (12—2). The 2-heptyl-3-methyloxirane formation probability is,
considering the absence of steric hindrance effects for each mechanistic steps: (%) X (% +

2 2 2 e o e e
ottt E)' Distributions are calculated from the normalization of the probabilities inside

Probability

the considered family (Distribution = > Probabilitics

) and the calculated yields result from

multiplying calculated distributions with experimental yield of the considered family (i. e.
ketones, oxiranes, tetrahydrofurans or aldehydes). The probabilities for other oxygenated
compounds are depicted in Table SI. 2. The yields into oxygenated products, except
aldehydes, fits with those calculated only from the statistical distribution of hydrogen on the
n-decane backbone (Figure 7 and 9). This particular distribution indicates a strong quenching

that impedes secondary reactions.

Figure 9 summarizes the main mechanisms involved in the n-decane oxidative
cracking. A few amount of the reactant is oxidized into CO and CO> on the metal catalyst,
releasing heat, producing hydrogen subsequently to WGSR as well as free radicals which
further initiate homogeneous reactions downstream of the catalyst. In the gas phase, the initial
step is an unselective H-atom abstraction yielding to an alkyl radical (R®). Yet, without
oxygen (pyrolysis condition), R® cracks through B-scission into light olefins and a shorter
alkyl radical which can release another hydrogen atom leading to olefin or further cracks into

light olefins. Under oxidative condition, the alkyl radicals directly add molecular oxygen to

14



produce the alkylperoxy radical (ROQO®), an important intermediate which can either
rearrange into decenes, or following different H-transfers, to ketones, oxiranes and

tetrahydrofurans or to aldehyde and a-olefins (desired products) through B-C scission.

4. Conclusion

The “millisecond” cracking process is an alternative to the conventional homogeneous
process for the production of a-olefins. The oxidative cracking, contrariwise to catalytic and
steam cracking processes, allows obtaining long chain a-linear olefins through an auto-
thermal route. This process combines heterogeneous and homogeneous chemistry leading to
non-equilibrium species. Exothermic catalytic and homogeneous reactions supply the heat for
the initiation of radical reactions leading to the desired products in the gas phase. a-olefins
and oxygenated products are formed concomitantly through a radical mechanism involving
molecular oxygen and result from the decomposition of decylperoxy radicals intermediates.
Above the n-decane thermal cracking temperature, millisecond reactor switched to light
olefins production. Therefore, the development of this technology for LAO synthesis requires
to consider thermal and chemical phenomena that are mutually related and a fine control of
gas phase temperature is necessary e.g. through reactor engineering or combustion catalyst

development.

Very short contact times and oxygenated function stability settled in this oxidative
cracking process could be applied in bio-refinery on oleic acid to produce di a-olefinic

compounds and a-olefinic acids, which are very high valuable biosourced products.
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Figure caption list

Figure 1. Flowsheet of the millisecond reactor rig.

Figure 2. Temperatures measured at 0 (red), 10 (black) and 55 mm (grey) downstream of the
outlet cross-section of the monolith as a function of time-on-stream on fresh and
aged catalysts at @ = 5, then without n-decane. Dashed lines: reactor cooling (air)
without reaction.

Figure 3. Product yields and oxygen conversion (m) on the fresh and aged catalysts at
different time-on-stream (and related equilibrium catalyst temperatures) and during
the blank test at a time-on-stream of 100 min (and related equilibrium gas phase
temperature).

Figure 4. H yield on the fresh and aged catalysts at different time-on-stream.

Figure 5. n-decane thermal cracking evaluation. (A) Conversion as a function of pyrolysis
temperature and (B) olefins yields as a function of carbon chain length at 450, 550,
650 and 680 °C.

Figure 6. Bar chart of the yields into a-olefins (solid bars) and decenes isomers (gridded bar)
as a function of carbon chain length obtained at different times on fresh (10 and 180
min) and aged catalysts (5 and 100 min).

Figure 7. Bar chart of the experimental yields and calculated distributions (m) into 10-carbons
oxygenated compounds resulting from O» addition followed by hydrogen transfer
(HT) obtained on fresh and aged catalysts after 180 and 100 min, respectively.

Figure 8. Bar chart of the experimental yields and calculated distributions (m) into aldehydes
resulting from O, addition followed by hydrogen transfer (HT) obtained on fresh
and aged catalysts after 180 and 100 min, respectively.

Figure 9. Mechanisms of carbonaceous products formation from n-decane oxidative cracking.
In brackets: molar selectivities (fresh catalyst after 180 min (bold)/aged catalyst

after 100 min).
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Table caption list

Table 1. Physicochemical properties of the fresh and aged washcoated monolith catalysts.

Table 2. Products identified using GC-MS sorted and ranked by chemical function
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Table 1. Physicochemical properties of the fresh and aged washcoated monolith catalysts.

ALO;3 ! Vineso > Sser? Pt dp; * D’ Al
wt.% /cm® g (cm?® guashcoar) /M2 o (M? Guasheoat 1) mol.% / nm % / mol h! gp!
Cordierite / 0 0 / / / /
Fresh 9.8 0.02 (0.20) 13.2 (144.0) 0.7 1.4 81 11.9
(Before aging) 10.1 0.02 (0.18) 13.8 (150.7) 1.3 1.5 77 n.d.’
Aged n.d.’ 0.01 (n.d.”) 3.8 (n.d.) 0.8 11.1 10 5.6

1 Washcoat content of the impregnated catalyst as measured by gravimetry, 2 external surface and micropore volume calculated using the t-plot method, 3 measured by ICP %Pt = np/(np+napos), 4
measured by TEM, 5 dispersion (D) calculated from dp, and the equation in [48], 6 propane dehydrogenation initial activity and 7 not determined.
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Table 2. Products identified using GC-MS sorted and ranked by chemical

function

Carbon B,*-(Tar)**

chain length Molecule Skeletal formula °C
dec-1-ene N U U 171-(235)

174 ()
-z \M/V\
dec-2-ene 173 (E)
171(Z)
-3- NN
10 dec-3-ene 171 (E)
171 (Z)
-4- NN
dec-4-ene 171 (E)
171 (Z)
-5- NN
dec-5-ene 170 (E)
)
decan-2-one )]\/\/\/\/ 210
o
decan-3-one \)]\/\/\/\ 203

10 o

decan-4-one /\)]\/\/\/ 206
o

decan-5-one \/\)]\/\/\ 204

2-octyloxirane V\/\/\/\/

2-heptyl-3-methyloxirane /V\/\/\/\

10 2-ethyl-3-hexyloxirane \/v\/\/\/ /
2-pentyl-3-propyloxirane /\/v\/\/\
2,3-dibutyloxirane \/\/v\/\/

2-hexyltetrahydrofuran O\/\/\/
0
2-methyl-5-pentyltetrahydrofuran /O\/\/\
10 ° /
2-butyl-5-ethyltetrahydrofuran \/O\/\/
0
2,5-dipropyltetrahydrofuran /\/O\/\
0

2 Ethanal o~ 20-(185)

3 Propanal ‘X 48-(207)

4 Butanal XN 75-(230)

5 Pentanal B YN 103-(222)

6 Hexanal ‘NN 128

7 Heptanal S U U 153

8 Octanal ‘NN 174

*Boiling point, **Autoignition temperature








