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Highlights

• First detailed experimental datasets for diethylamine pyrolysis and oxidation.

• Ab initio derived thermochemistry and kinetics for nitrogen species and reactions.

• Accurate kinetic model with only elementary steps.

• Identification of dominant pathways for the formation of hydrogen cyanide and NOx.

Introduction

Untreated bio-oils produced by biomass fast pyrolysis contain substantial amounts of nitrogencontaining compounds [START_REF] Toraman | Quantitative analysis of nitrogen containing compounds in microalgae based bio-oils using comprehensive two-dimensional gaschromatography coupled to nitrogen chemiluminescence detector and time of flight mass spectrometer[END_REF][START_REF] Williams | Pollutants from the combustion of solid biomass fuels[END_REF]. The decomposition of these species is known to lead to the formation of small nitrogen-containing pollutants, such as hydrogen cyanide and ammonia, as well as NOx emissions, which has detrimental effects on the environment (e.g. acid rain, formation of groundlevel ozone). In order to minimize the emission of these toxic compounds, it is essential to gain insight into the reactions governing the conversion of fuel-bound nitrogen so that compound specific maximum allowable quantities can be defined in fuel standards. For example, NOx emissions from modern furnaces are limited to ppm's, and to predict these quantities reliably, an in-depth investigation of the pyrolysis and oxidation chemistry of nitrogen-containing species is needed [START_REF] Miller | Mechanism and modeling of nitrogen chemistry in combustion[END_REF][START_REF] Dean | Combustion Chemistry of Nitrogen[END_REF]. To gain more insight into the nitrogen conversion, experimental and theoretical studies have focused on different classes of nitrogen-containing compounds, including amino acids [START_REF] Chiavari | Pyrolysis-gas chromatography/mass spectrometry of amino acids[END_REF][START_REF] Sharma | On the role of peptides in the pyrolysis of amino acids[END_REF] and heterocyclic structures, such as pyridine [START_REF] Tian | Identification of Combustion Intermediates in Low-Pressure Premixed Pyridine/Oxygen/Argon Flames[END_REF][START_REF] Hore | Radical pathways in the thermal decomposition of pyridine and diazines: a laser pyrolysis and semi-empirical study[END_REF][START_REF] Mackie | Shock tube pyrolysis of pyridine[END_REF][START_REF] Ikeda | A kinetic study of the oxidation of pyridine[END_REF][START_REF] Houser | Kinetics of formation of HCN during pyridine pyrolysis[END_REF] and pyrrole [START_REF] Zhai | A Theoretical Study of Pyrolysis Mechanisms of Pyrrole[END_REF][START_REF] Tian | An experimental study of low-pressure premixed pyrrole/oxygen/argon flames with tunable synchrotron photoionization[END_REF][START_REF] Mackie | Shock tube pyrolysis of pyrrole and kinetic modeling[END_REF][START_REF] Hong | An Experimental and Theoretical Study of Pyrrole Pyrolysis with Tunable Synchrotron VUV Photoionization and Molecular-Beam Mass Spectrometry[END_REF][START_REF] Bacskay | The thermal decomposition of pyrrole: an ab initio quantum chemical study of the potential energy surface associated with the hydrogen cyanide plus propyne channel[END_REF]. Another important class of nitrogen-containing species is amines, i.e. compounds which are derivatives of ammonia by replacing one or more hydrogen atoms by a substituent such as an alkyl group. The conversion of these amines can lead to the formation of NOx, even more so compared to nitrogencontaining aromatic compounds [START_REF] Zheng | Investigation of N behavior during coal pyrolysis and oxidation using ReaxFF molecular dynamics[END_REF][START_REF] Zhang | The effect of functinal forms of nitrogen on fuel-NOx emissions[END_REF][START_REF] Liu | Release mechanism of Fuel-N into NOx and N2O Precursors during pyrolysis of rice straw energies[END_REF]. Thus, even though they are present in bio-oils only in small quantities (a few percent), their conversion should be studied in depth. While both the pyrolysis and oxidation of ammonia have been extensively investigated in the past [START_REF] Lindstedt | Detailed Kinetic Modelling of Chemistry and Temperature Effects on Ammonia Oxidation[END_REF][START_REF] Mathieu | Experimental and modeling study on the high-temperature oxidation of Ammonia and related NOx chemistry[END_REF][START_REF] Duynslaegher | Modeling of ammonia combustion at low pressure[END_REF][START_REF] Davidson | A pyrolysis mechanism for ammonia[END_REF], studies on the pyrolysis and oxidation chemistry of aliphatic amines are rather scarce. Some attention has been paid to the decomposition of the simplest primary amine, i.e. methylamine. Kantak et al. [START_REF] Kantak | Methylamine oxidation in a flow reactor: Mechanism and modeling[END_REF] studied the oxidation of methylamine experimentally in a flow reactor over the temperature range 600-1400 K at pressures of 0.01 and 1.01 bar. They constructed a reaction mechanism to describe the methylamine conversion under the studied conditions. Votsmeier et al. [START_REF] Votsmeier | Shock tube study of monomethylamine thermal decomposition and NH2 high temperature absorption coefficient[END_REF] also investigated the decomposition of methylamine with NH2 radicals in a shock tube over the temperature range 1600-2100 K at a pressure of 1.62 bar. They used the mechanism of Dean et al. [START_REF] Dean | Combustion Chemistry of Nitrogen[END_REF] for the simulation of their experimental results. Lucassen et al. [START_REF] Lucassen | Fuelnitrogen conversion in the combustion of small amines using dimethylamine and ethylamine as biomassrelated model fuels[END_REF] investigated lean and rich flames of the two smallest isomeric amines dimethylamine and ethylamine and developed a kinetic model to simulate the experimental results. The thermodynamic parameters for several selected amine species were determined from quantum chemical calculations, while the kinetic parameters for the reactions of C2 hydrocarbon amines were approximated by analogy with the corresponding reactions of hydrocarbons, methylamine and ethanol. They conclude that there is a significant difference between the decomposition chemistry of the better understood oxygenates ethanol and dimethyl ether and the analogous nitrogen-containing compounds ethylamine and dimethylamine. Li et al. [START_REF] Li | Shock tube study of ethylamine pyrolysis and oxidation[END_REF] studied the pyrolysis and oxidation of ethylamine in a shock tube over the temperature range 1200-1448 K at pressures of 0.86, 1.37 and 2.03 bar. They made some changes to the model of Li et al. to simulate the ignition delay times and NH2 and OH time-history measurements. Overall, it can be concluded that the experimental database for the combustion chemistry of the aliphatic amines needs to be augmented and kinetic models need to be developed with a higher level of detail.

Diethylamine has been chosen in this work as a representative model compound of secondary amine species present in bio-oils. The pyrolysis and oxidation chemistry of diethylamine (DEA) is studied -for the first time -both experimentally and theoretically through simulations with a newly developed kinetic model. Pyrolysis experiments are performed using two different experimental units: a jet-stirred reactor and a tubular reactor. Oxidation experiments are carried out using a jet-stirred reactor. The temperatures range from 500 to 1100 K, at a pressure of 1.07 bar and both pyrolysis as well as oxidation at three different equivalence ratios are studied (φ = 1.0, 2.0 and 0.5) with an DEA inlet mole fraction of 0.01. The newly developed model includes ab initio calculated thermodynamic and kinetic parameters for the key species and reactions at the CBS-QB3 level of theory. The DEA specific chemistry in the elementary step kinetic model is constructed with the automatic kinetic model generator Genesys [START_REF] Vandewiele | Genesys: Kinetic model construction using chemo-informatics[END_REF]. The model of Glarborg et al. [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF] is used to describe the oxidation of the small nitrogen-containing species not related to DEA. Rate of production analyses are performed at 700 K and 900 K to study the difference between the dominating pathways under varying pyrolysis and oxidation conditions.

Experimental methods

The pyrolysis and oxidation of DEA are studied experimentally using two different units: a jet-stirred reactor (JSR) and a tubular reactor (TR). The main features of both experimental units are discussed below, details can be found elsewhere for the JSR [START_REF] Herbinet | Progress in Understanding Low-Temperature Organic Compound Oxidation Using a Jet-Stirred Reactor[END_REF] and the TR [START_REF] Vin | A study of thermal decomposition of bromoethane[END_REF].

In the JSR, the diluent and the liquid fuel are mixed and passed through an evaporator. For the oxidation experiments, oxygen is added to the gaseous flow downstream. The gaseous mixture passes through an annular preheating zone, where it is heated to the reactor temperature, and enters the jet-stirred reactor through four nozzles. The gas residence time inside the annular preheater is very short compared to the residence time inside the reactor, i.e. approximately 1% of the residence time in the JSR. Therefore, the reactivity in this zone can be neglected. The nozzles and reactor are designed to limit temperature and concentration gradients inside the reactor. Thermocoax resistance wires provide heating for the annular preheating zone and the reactor. A type K thermocouple, for which the calibrated accuracy as reported by the manufacturer is ± 2.2 K or 0.75%, measures the temperature in the center of the reactor. Under unreactive conditions, the temperature gradients in the reactor are below 5 K. The temperature gradients have not been measured under reactive conditions. However, because of the perfect macro mixing obtained in the JSR and high dilution, i.e. 0.01 mole fraction of DEA, these temperature gradients are not expected to be significantly different from those under unreactive conditions. The pressure is set with a needle valve downstream of the reactor. The reactor has a fixed volume of 85 cm 3 .

The TR consists of a horizontal 60 cm long alumina tube (volume of 294 cm 3 ) with an inner diameter of 2.0 cm and an outer diameter of 2.5 cm. The tubular reactor is heated by an electrical furnace from Vecstar equipped with an S-type thermocouple. For each reaction set temperature, a temperature profile, i.e. temperature as a function of axial position in the TR, is measured in the absence of reaction using an R-type thermocouple, for which the calibrated accuracy as reported by the manufacturer is ± 1.5 K or 0.25%. These temperature profiles are available in the Supporting Information. Under unreactive conditions, the temperature gradients in the reactor are below 5 K. Because of the high dilution, i.e. 0.01 mole fraction of DEA, these temperature gradients are not expected to be significantly different under reactive conditions. For simulations, it can be assumed that the TR can be modeled as an ideal plug flow reactor [START_REF] Vin | A study of thermal decomposition of bromoethane[END_REF].

The studied temperatures range from 500 to 1000 K for pyrolysis and to 1100 K for oxidation, with increments of 25 K, to cover the complete fuel conversion range. The pressure is kept constant at 1.07 bar. The inlet mole fraction of DEA is set to 0.01 in the JSR and TR for all experimental conditions. The volumetric flow rate in the JSR, calculated with the total molar inlet flow rate and the temperature and pressure in the reactor, is 4.06 10 -5 m 3 s -1 , corresponding to an average residence time (or space time) of 2 s. In the TR, the volumetric flow rate, calculated with the total inlet molar flow rate and the temperature and pressure setpoint reached in the central zone of the reactor, is equal to 2.51 10 -5 m 3 s -1 , corresponding to a space time of 2 s. Helium, argon, oxygen are provided by Messer (purity of 99.99%) and the nitrogen-containing compound DEA (purity ≥ 99.5%) is purchased from Sigma-Aldrich. The gaseous flow rates are controlled by mass flow controllers (Bronkhorst) and the liquid fuel mass flow rate is regulated by a liquid-Coriolis-flow controller (Bronkhorst).

In both experimental units, the products are analyzed using four different analytical techniques. The reactor outlet is connected to different gas chromatographs (GC), which enable online quantification of the product species. The connection with the GC's is done via heated transfer lines, kept at 433 K, to avoid product condensation. The first GC contains a Carbosphere packed column and a thermal conductivity detector (TCD). This GC is used to detect H2, O2, N2, CO, CO2, and CH4. The carrier gas is He, except for the detection of H2, for which Ar is used. The second GC is equipped with a PLOT-Q capillary column and a flame ionization detector (FID) preceded by a methanizer. The methanizer enables the detection and quantification of small oxygenates with the FID. The third gas chromatograph has a HP-5 ms capillary column coupled to an FID. This GC is used to detect the main carbon-and nitrogen-containing products with more than 5 non-hydrogen atoms. The three preceding gas chromatographs are used for the analysis of species from the JSR. Two other gas chromatographs are used for the detection of species from the TR. The first is identical to the one used to detect the main carbon-and nitrogen-containing products with more than 5 non-hydrogen atoms from the JSR. The other one is equipped with a PLOT-Q capillary column, a thermal conductivity detector (TCD) and a flame ionization detector (both detectors are installed in series). To enable on-or offline product identification, the reactor outlet is connected to a fourth gas chromatograph, which is equipped with either a PLOT-Q or HP-5 ms capillary column, and has a quadrupole mass spectrometer as detector. The GC carrier gas is helium. A chemiluminescence NOx analyzer (Thermo Scientific Model 42i) is adopted to measure the concentration of NO and NO2. The quantitative range is 0-5000 ppm for NO and 0-500 ppm for NO2. A Fourier Transform InfraRed spectrometer (FTIR) from Thermo Scientific Antaris equipped with a Mercure Cadmium Telluride photoelectric detector is used to obtain a second quantification of NO, NO2, DEA and HCN. The complete analysis section allows identification and quantification of all oxidation and pyrolysis products ranging from the smallest hydrocarbons, oxygenates and nitrogen-containing compounds up to products with 9 non-hydrogen atoms.

The pyrolysis of DEA is studied both with the JSR and TR. For oxidation, three different equivalence ratios, i.e. φ = 1.0, 2.0 and 0.5, are studied with the JSR. In total, 32 species are identified and quantified for pyrolyis and oxidation using the described analytical techniques.

The carbon and nitrogen balances are closed within 5% and all product yields are provided in Supporting Information. Because the configuration of the analysis section does not allow the quantification of water and hydrogen peroxide, the hydrogen and oxygen elemental balances are not available at oxidation conditions. The relative uncertainty on the experimental mole fraction is 5% for species calibrated using standards and 10% for species calibrated with the effective carbon number method, except for FTIR measurement for which the relative uncertainty can be estimated as 5%.

Computational method

Quantum chemical calculations are carried out with the high-performance supercomputer available at Ghent University at the CBS-QB3 level of theory [START_REF] Frisch | A complete basis set model chemistry. VI. Use of density functional geometries and frequencies[END_REF] as implemented in Gaussian 09 [START_REF] Frisch | Gaussian 16 Rev. B[END_REF]. In-house developed algorithms are used to perform an automatic search of the lowest energy conformer at the B3LYP/6-31G(d) level of theory [START_REF] Van De Vijver | On-the-fly ab initio calculations toward accurate rate coefficients[END_REF]. From the CBS-QB3 results, the thermodynamic parameters of both species and transitions states, i.e. the standard enthalpy of formation, the standard intrinsic entropy and the heat capacities at different temperatures, are calculated using ideal gas statistical thermodynamics. Internal modes are treated as harmonic oscillators, except for modes which resemble rotations around single bonds. These internal modes are treated as 1-dimensional internal rotors, as long as the barrier does not exceed 50 kJ mol-1. The hindrance potentials are determined at the B3LYP/6-31G(d) level of theory with (semi-) relaxed surface scans in which all coordinates, except for the dihedral angle of interest, are reoptimized at each scan angle with a step size of 10°. The Fourier series expression of the hindrance potential together with the reduced moment of inertia calculated at the I (2,3) level, as defined by East and Radom [START_REF] East | Ab initio statistical thermodynamical models for the computation of third-law entropies[END_REF], are used to construct the Schrödinger equation for 1-dimensional internal rotation. With the eigenvalues of the solution the partition function is determined as a function of temperature. The thermodynamic data is calculated from the total partition function taking into account the symmetry and the number of optical isomers. For the calculation of the enthalpy of formation, the atomization method is applied. Two corrections are used to improve the accuracy of the enthalpy of formation calculated at the CBS-QB3 level of theory: spin-orbit corrections (SOC) [START_REF] Curtiss | Assessment of Gaussian-2 and density functional theories for the computation of enthalpies of formation[END_REF], as these are not part of the CBS-QB3 methodology, and bond additive corrections (BAC) to correct systematic errors [START_REF] Petersson | Calibration and comparison of the Gaussian-2, complete basis set, and density functional methods for computational thermochemistry[END_REF]. In case only relative enthalpies are required, i.e. for calculation of the rate coefficients and construction of a potential energy surface, these SOC and BAC corrections are not applied. The conventional transition state theory is used to calculate the rate coefficients over a temperature range of 300 to 1500 K, with the asymmetric Eckart potential to account for tunneling [START_REF] Eckart | The Penetration of a Potential Barrier by Electrons[END_REF]. The Arrhenius parameters are obtained by regression of the rate coefficients over the same temperature range. Using this methodology, the ab initio calculated standard enthalpy of formation of DEA at 298 K corrected with BACs and SOCs (-71.8 kJ mol -1 ) corresponds well to the reported experimental value (-72.5 ± 1.2 kJ mol -1 ). A complete list of the thermodynamic and kinetic parameters calculated in this work at the CBS-QB3 level of theory is provided in the Supporting Information.

Kinetic model development

A kinetic model is constructed for the pyrolysis and oxidation of DEA. This model consists of two parts, i.e. (1) a DEA kinetic model and (2) a kinetic model to account for the smallest species and the reactions between these species developed by Glarborg et al. [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF] as a base mechanism.

The DEA kinetic model is generated automatically using the automatic kinetic model generation tool Genesys [START_REF] Vandewiele | Genesys: Kinetic model construction using chemo-informatics[END_REF]. Starting from a number of initial species, a set of user-defined reaction families and constraints, this program automatically generates an elementary step kinetic model. Each reaction family specifies the rearrangement of bonds and atoms to go from the reactant(s) to the product(s) through the course of an elementary reaction. The thermodynamic consistency of the model is accounted for by implementing the reactions as reversible. To prevent the generation of kinetically insignificant species and reactions and hence limit the network size, the rule-based termination criterion is applied. Rules or constraints are specified to the reaction families and the product species. After the generation of the network, thermodynamic and kinetic parameters are assigned to all species and reactions. For this, Genesys is connected with user-defined databases containing species and reactions data from quantum chemical calculations. If available, entries from these databases are used. For DEA, quantum chemical calculations are performed for all the main species and reactions important to accurately describe the DEA chemistry, including the low-temperature oxidation chemistry. In case no ab initio thermodynamic data is available, Benson's group additivity method [START_REF] Benson | Additivity rules for the estimation of thermochemical properties[END_REF] is applied, for hydrocarbons [START_REF] Sabbe | Group additive values for the gas phase standard enthalpy of formation of hydrocarbons and hydrocarbon radicals[END_REF][START_REF] Sabbe | First Principles Based Group Additive Values for the Gas Phase Standard Entropy and Heat Capacity of Hydrocarbons and Hydrocarbon Radicals[END_REF], oxygenates [START_REF] Paraskevas | Group additive values for the gas-phase standard enthalpy of formation, entropy and heat capacity of oxygenates[END_REF] and nitrogen-containing compounds. In case no ab initio kinetic data is available, the group additivity method developed by Saeys et al. [START_REF] Saeys | Ab initio group contribution method for activation energies for radical additions[END_REF] and extended by Sabbe et al. [START_REF] Sabbe | Modeling the influence of resonance stabilization on the kinetics of hydrogen abstractions[END_REF][START_REF] Sabbe | Carbon-Centered Radical Addition and β-Scission Reactions: Modeling of Activation Energies and Pre-exponential Factors[END_REF][START_REF] Sabbe | Hydrogen Radical Additions to Unsaturated Hydrocarbons and the Reverse β-Scission Reactions: Modeling of Activation Energies and Pre-Exponential Factors[END_REF] and Paraskevas et al. [START_REF] Paraskevas | Group additive kinetic modeling for carbon-centered radical addition to oxygenates and β-scission of oxygenates[END_REF] is used. For reactions with a nitrogen atom in the reactive center, either in-house developed group additivity schemes or rate rules are used [START_REF] Cai | Optimized reaction mechanism rate rules for ignition of normal alkanes[END_REF].

The automatically generated model for DEA is merged with the mechanism of Glarborg et al. [START_REF] Glarborg | Modeling nitrogen chemistry in combustion[END_REF]. This Glarborg et al. mechanism contains 150 species and 1397 reactions. It describes the chemistry of small hydrocarbons (C1-C2) and nitrogen-containing species, including the formation and destruction of NOx in a combustion process. In the case that the same species or reactions appear in both the automatically generated Genesys mechanism and the Glarborg et al. mechanism, it is opted to retain the kinetic parameters from the Genesys mechanism. Several reactions in the Glarborg et al. mechanism important to accurately describe the DEA chemistry are approximated by analogy with hydrocarbon or oxygen-containing compounds. In the Genesys mechanism these reactions are at least based on similar reactions of nitrogen-containing compounds. In the Supporting Information a comparison is done between some rate coefficients in the Glarborg mechanism and calculated ab initio by Genesys. Not only do these rate coefficients differ several orders of magnitudes, also the relative importance of competing reactions is influenced. The complete kinetic model has 255 species and 2268 reactions and is available in the Supporting Information.

Results

Quantum chemical calculations

The decomposition of DEA during pyrolysis and oxidation is driven by free radical reactions. During pyrolysis, the formation of radicals is initiated by a homolytic bond scission. In case of oxidation, the initial radicals are formed via a hydrogen abstraction reaction by molecular oxygen. In Figure 1, the bond dissociation energies (BDE) of DEA are depicted. The two weakest bonds in DEA are the Cα-Cβ and Cα-N bond. The presence of the amino group influences the BDE of nearby C-H bonds compared to analogous alkanes. The BDEs of the Cα-H, Cβ-H and N-H bonds are equal to 381, 421 and 388 kJ mol -1 , respectively. For comparison, the BDEs of a primary and secondary C-H bond of alkanes are approximately 423 and 411 kJ mol -1 . Hence, due to the presence of the nitrogen atom, the BDE of the Cα-H is lowered by approximately 30 kJ mol -1 . The N-H bond strength decreases from the primary to the secondary amines, due to the ability of the alkyl group to stabilize the formed radical by hyper-conjugation. For example, the BDE of the N-H bond in ethylamine is equal to 416 kJ mol -1 , while the BDE of the NH bond in diethylamine is 388 kJ mol -1 . The lowest barrier for hydrogen abstraction from DEA by molecular oxygen is that for abstraction from Cα-H, i.e. 133 kJ mol -1 . The barriers for hydrogen abstraction from Cβ-H and N-H are equal to respectively 197 and 143 kJ mol -1 . Hence, the oxidation of DEA will start at significantly lower temperatures compared to pyrolysis, due to the lower barrier of the main initiating reactions. Besides typical pyrolysis and oxidation radical reactions, an unimolecular decomposition reaction of diethylamine is possible, resulting in the formation of ethylamine and ethylene. This reaction is based on the elimination reaction of ethylamine, as reported by Almatarneh et al. [START_REF] Almatarneh | High level ab initio, DFT, and RRKM calculations for the unimolecular decomposition reaction of ethylamine[END_REF]. The kinetic parameters for this unimolecular reaction are obtained from ab initio calculations with an activation energy equal to 281.9 kJ mol -1 and a pre-exponential factor of 3.7•10 11 s -1 .

(R1)

Potential energy surface

Alkylperoxy radicals (ROO•) can be formed after a barrierless reaction between the alkyl radicals and an oxygen molecule. To investigate the importance of this O2 addition in the oxidation of DEA, the potential energy surface is constructed for the addition of the radical formed after breaking of the weakest C-H bond, i.e. CC•NCC, labeled R1, to an oxygen molecule. The relevant part of the potential energy surface is shown in Figure 2. The addition of molecular oxygen to R1 leads to the formation of the peroxide R1OO•. The corresponding reaction enthalpy is equal to 149 kJ mol -1 , which is similar to the C-OO• bond strength of ethylperoxy radicals. The addition of molecular oxygen to the nitrogen-centered radical CC•NCC, i.e. the second most important radical, has an enthalpy of reaction of 33 kJ mol -1 . As the transition states of consecutive reactions will most probably have a higher energy compared to the addition of O2, the formation of this alkylperoxy radical is ignored. Also, the O2 addition to the primary radical CC•NCC is not considered, due to the lower importance of this radical as a result of the higher BDE of the Cβ-H bond.

The peroxide R1OO• can react further via different reaction pathways, including cylic ether formation and isomerization reactions. For the construction of the PES, only the isomerization reactions of R1OO• are considered, as these lead to the formation of product species which have been experimentally observed. In the first pathway a hydrogen atom migrates from Cα to the peroxy group via a six-membered cyclic transition state, which is 84 kJ mol -1 higher in energy than R1OO•. A subsequent β-scission leads to the formation of a hydroxyl radical, acetaldehyde and ethanimine (CH3-CH=NH). The second path starts with an isomerization reaction via a threemembered cyclic transition state, which is 155 kJ mol -1 higher in energy than R1OO•. This path leads to the formation of ethylacetamide (CH3-CH2-NH-CO-CH3) and a hydroxyl radical. The third possible isomerization reaction proceeds via a five-membered cyclic transition state, leading to a hydrogen abstraction from the nitrogen atom. The formed nitrogen-centered radical then undergoes a β-scission resulting in a methyl radical. As the transition states for these last two isomerization reactions have a higher energy compared to the addition of molecular oxygen to R1, these reactions will most likely be less important compared to the first isomerization. At the applied experimental conditions, no low temperature reactivity is observed. For this reason, the second addition of molecular oxygen to the hydroperoxy radical leading to chain branching is omitted.

Figure 2. Selected part of the potential energy surface of the addition to molecular oxygen of the CC•NCC radical, i.e. the secondary radical formed after abstraction from the α-carbon atom from DEA, labeled R1. The values are CBS-QB3 calculated enthalpies of formation at 0 K relative to the enthalpy of formation of R1OO•.

Experimental and kinetic modeling results

Reactor simulations are performed with the new kinetic model using CHEMKIN [START_REF] Kee | CHEMKIN-PRO in[END_REF]. The JSR is modelled as a continuously stirred tank reactor (CSTR) and the TR as a plug flow reactor (PFR) using the temperature profiles measured under unreactive conditions as input. These profiles as well as a discussion on the PFR assumption are provided in the Supporting Information. The results are discussed below, first for pyrolysis, next for oxidation.

Pyrolysis

Figure 3 presents the experimental and simulated mole fractions of DEA and the main product species as a function of temperature for the pyrolysis of DEA in both the JSR and TR units. Under pyrolysis conditions, DEA starts to convert around 800 K in both reactor units. The type of the reactor has an influence on the DEA conversion and this difference in reactivity is captured by the model. A faster conversion is achieved in the TR than in the JSR. Full conversion is reached at 950 K in the TR reactor and at 1000 K in the JSR. The main hydrocarbon products observed are methane, ethene and ethane, while the main nitrogen-containing products are hydrogen cyanide, acetonitrile, propanenitrile and ethylmethanimine. Ethylmethanimine is one of the lowest temperature nitrogen-containing products that is formed. It is the smallest species containing an imine (C=N) group that is detected experimentally. Its mole fraction increases with temperature and reaches a maximum at 900 K. The two main product species containing a nitrile group (C≡N) start to form at approximately 875 K. In contrast to acetonitrile, the hydrogen cyanide mole fraction does not reach a maximum and its mole fraction keeps increasing even when full fuel conversion is reached. The formation of propanenitrile starts at a temperature approximately 25 K higher, and reaches a maximum at 1000 K. Hydrogen cyanide is by far the major nitrogen-containing product and ethylene the main hydrocarbon product. Minor products species that are observed are propane, propene, 1-butene, 2-butene, butadiene, acrylonitrile and isobutyronitrile. There is almost no effect of the reactor type on the product distribution and product selectivity. In the TR, the formation of the products starts at a slightly lower temperature. In the intermediate temperature range, large recombination products are formed, containing at least five carbon atoms and two nitrogen atoms, and also an imine (C=N) or nitrile (C≡N) functional group. In the TR a lower number of recombination products are formed compared to the JSR.

Oxidation

Oxidation experiments of DEA are performed at fuel-rich, stoichiometric and fuel-lean conditions, corresponding to the equivalence ratios, φ = 2.0, φ = 1.0 and φ = 0.5. The experimental results are depicted in Figures 4 to 6 respectively. The conversion of DEA starts at 600 K, approximately 200 K lower compared to pyrolysis. The equivalence ratio does not have a significant influence on the conversion profile. The formation of acetaldehyde is observed at low temperatures, probably corresponding to the addition of molecular oxygen on the diethylamine radical, as discussed in Section 5.2. Furthermore, similar recombination products are formed in the JSR as during the pyrolysis of DEA. Oxidation products, which are not formed during the pyrolysis of DEA, include CO, CO2, N2, NO, NO2 and nitromethane. For φ = 1.0 and 0.5, the mole fraction of CO goes through a maximum indicating that CO is further oxidized to CO2. At fuel-rich conditions, CO keeps increasing with temperature and the mole fraction of CO2 is significantly less. The hydrocarbon mole fractions decrease when going from fuel-rich to fuel-lean conditions. Compared to pyrolysis, the maximum mole fractions of methane and ethylene are much lower. Overall, the new kinetic model succeeds in predicting the experimental trends. Large discrepancies are found for the methane and ethane. While for acetaldehyde the trend is captured by the model, it is clearly overpredicted. 

Discussion

Pyrolysis

A rate of production analysis for the pyrolysis of DEA at 900 K in the JSR is presented in Figure 7. Species that are detected experimentally are highlighted. At these experimental conditions, the DEA conversion is equal to 50%. At 900 K, DEA consumption is dominated by hydrogen abstractions. The contribution of both the homolytic scissions of the C-N and C-C bonds and the unimolecular elimination reaction (R1) are small. The scissions, especially the C-N scission, become more important at higher temperature and under pyrolysis conditions. In pyrolysis, the main abstracting species are the hydrogen atom and methyl radicals. Hydrogen abstraction from Cα is the main consumption channel. β-scission of the formed radical leads to the formation of ethanimine. Hydrogen abstraction from the NH bond in ethanimine dominates, as this is the most weakly bonded hydrogen atom. β-scission of the C-C bond results in the formation of hydrogen cyanide, while C-H β-scission leads to acetonitrile. At 900 K, this β-scission is the dominant formation pathway of hydrogen cyanide. Another important pathway for the formation of hydrogen cyanide proceeds via β-scission of the imine radical, formed from the ethylamine radical. This ethylamine radical is produced either via C-N scission or hydrogen abstraction from the β-carbon atom followed by β-scission. This hydrogen cyanide formation pathway becomes more important at higher temperatures.

Figure 7. Rate of production analysis in the JSR for the pyrolysis and oxidation at intermediate temperatures. Percentages report the of productions relative to the total consumption of DEA at 900 K for pyrolysis (grey, underlined) and oxidation at φ = 2 (black, italic). Species that are detected experimentally are highlighted.

Oxidation at intermediate temperature

The rate of production analysis for oxidation at fuel-rich conditions of DEA at 900 K is presented in Figure 7. At these experimental conditions, DEA is completely converted. Similar to pyrolysis, DEA consumption is dominated by hydrogen abstraction. In oxidation at fuel-rich conditions, the hydroxyl radicals and the hydrogen atoms are the main abstracting species. At 900 K, the hydroperoxy radical is also an important abstracting radical, but its importance decreases at higher temperatures, because the CN scission starts to dominate favoring this reaction pathway.

Abstraction from Cβ is the main initiating reaction at 900 K. At high temperatures, hydrogen cyanide and acrylonitrile start to decrease due to reaction with an oxygen atom forming the intermediate NCO species, which further leads to the formation of CO and subsequently CO2. The formation of NO starts at approximately 800 K via the reaction of the nitrogen-centered imine radical with molecular oxygen producing formaldehyde and NO. At this temperature, NO is immediately converted to NO2 via the reaction between NO and a hydroperoxy radical producing NO2 and a hydroxyl radical, causing a maximum of the mole fraction of NO2 at lower temperatures compared to NO. At 900 K, NO2 is mainly formed via the reaction of NO with the hydroperoxy radical. By reaction with a hydrogen atom, it is converted back into NO. The balance between these two reactions is crucial for determination of the maximum of both the NO and NO2 mole fractions. For all three equivalence ratios, the simulated maxima of the NO and NO2 mole fractions are at 950 and 900 K, respectively. From 900 K, the formation of NO starts to be favored over NO2. This is not the case for oxidation at fuel-lean conditions, due to the higher concentration of hydroperoxy radicals leading to the oxidation of NO to NO2. At stoichiometric and fuel-lean conditions, N2 starts to form from the reaction between CO and N2O. Minor production pathways include the reaction of NO with NCO and with an NH2 radical. These reactions become more important at higher temperatures. For the formation of N2, NCO seems to be a key species. Because this species is formed by reaction of hydrogen cyanide with an oxygen radical, N2 formation is negligible at fuel-rich conditions and the hydrogen cyanide mole fraction drops only slightly at higher temperatures. At stoichiometric and fuel-lean conditions, N2 is the main nitrogencontaining product at high temperatures.

Oxidation at low temperature

In Figure 8, the rate of production analysis is shown for the oxidation at stoichiometric conditions at a temperature of 700 K. Under these experimental conditions, the conversion of DEA is equal to 47%. The consumption of DEA proceeds completely via hydrogen abstraction. The main abstracting species are the hydroxyl and the hydroperoxy radical.

Figure 8. Rate of production analysis for the low-temperature oxidation at φ = 1. Percentages report the rate of productions relative to the total consumption of DEA at 700 K. Species that are detected experimentally are highlighted.

Hydrogen abstraction from Cα is favored. The formed radical can either undergo β-scission or addition to molecular oxygen. At 700 K, the β-scission is more important compared to the addition to molecular oxygen. Addition to molecular oxygen leads to the formation of acetaldehyde after isomerization and β-scission, as discussed in Section 5.2. With increasing temperature, this β-scission becomes even more favored and the addition of molecular oxygen cannot compete anymore. NO2 combines with a methyl radical leading to the formation of nitromethane.

Sensitivity analyses are performed to study the decomposition of DEA during pyrolysis and oxidation(φ = 1.0) at different temperatures and the formation of the main pollutants NO, NO2 and CH3NO2 at 900 K and φ = 1.0. Detailed results are given in the Supporting Information. The most sensitive reactions for the decomposition of DEA in both pyrolysis and oxidation are those directly related to DEA decomposition by homolytic scissions and hydrogen abstraction reactions and those that increase the number of radicals and hence the reactivity, e.g. recombination of methyl radicals for pyrolysis and recombination of hydroperoxy radicals for oxidation. The formation of NO is sensitive to reactions involving the imine radical. The reaction of this radical with molecular oxygen is the main production pathway of NO.

Conclusions

The pyrolysis of DEA is studied using two different reactor units, i.e. a jet-stirred reactor and a tubular reactor. The main nitrogen-containing products from the pyrolysis of DEA are hydrogen cyanide, acetonitrile and other species containing a nitrile (CN) group. These are formed via intermediate species containing an imine (CN) bond. Oxidation experiments are performed at three different equivalence ratios, i.e. φ = 1.0, 2.0 and 0.5 in a jet-stirred reactor. In oxidation, the formation of NO and NO2 competes with hydrogen cyanide formation, as these are all formed via the same important intermediate: methanimine radical. Other important oxidation products, not detected during pyrolysis, include nitromethane, acetaldehyde and N2. During both the pyrolysis and oxidation of DEA, large recombination products are formed, containing at least five carbon atoms and two nitrogen atoms, and also an imine (CN) or nitrile (CN) functional group. The elementary step kinetic model for DEA pyrolysis and oxidation, with the important thermodynamic and kinetic parameters obtained from quantum chemical calculations, can without any manual adjustment represent both datasets.

Figure 1 .

 1 Figure 1. Bond dissociation energies (BDE), in kJ mol -1 , of diethylamine calculated at the CBS-QB3 level of theory.

Figure 3 .

 3 Figure 3. Species mole fractions as a function of temperature for the pyrolysis of DEA in the JSR (green) and the TR (blue). Experiment (symbols) and simulation results (lines) are compared. Experimental conditions are 2 s residence time, 1.07 bar and an inlet DEA mole fraction of 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 4 .

 4 Figure 4. Species mole fractions as a function of temperature for the oxidation of DEA for an equivalence ratio of 1.0. Experiment (symbols) and simulation results (lines) are compared. Experimental conditions are 2 s residence time, 1.07 bar and an inlet mole fraction of DEA 0.01. The mole fractions of molecular oxygen for experimental points and simulations are divided by a factor 5. The mole fractions of ethane for experimental points and simulations are multiplied by a factor 5 and for propanenitrile by a factor 10.

Figure 5 .

 5 Figure 5. Species mole fractions as a function of temperature for the oxidation of DEA for an equivalence ratio of 2.0. Experiment (symbols) and simulation results (lines) are compared. Experimental conditions are 2 s residence time, 1.07 bar and an inlet mole fraction of DEA 0.01. The mole fractions of molecular oxygen for experimental points and simulations are divided by a factor 2. The mole fractions of ethane for experimental points and simulations are multiplied by a factor 5 and for propanenitrile by a factor 10.

Figure 6 .

 6 Figure 6. Species mole fractions as a function of temperature for the oxidation of DEA for an equivalence ratio of 0.5. Experiment (symbols) and simulation results (lines) are compared. Experimental conditions are 2 s residence time, 1.07 bar and an inlet mole fraction of DEA 0.01. The mole fractions of molecular oxygen for experimental points and simulations are divided by a factor 10. The mole fractions of ethane for experimental points and simulations are multiplied by a factor 5 and for propanenitrile by a factor 10.
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