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2 S. Bastian et al.

tions. This limits their transferability. Atomistic simulations can compute ther-17

modynamic properties such as reaction enthalpies and adsorption energies. This18

enables the determination of rate coefficients for elementary reaction steps and19

diffusion constants across a broad range of temperatures and pressures, including20

those inaccessible to experiments. Unlike empirical data tied to specific fuels,21

kinetic parameters from simulations depend on molecular composition and struc-22

ture. This allows for seamless kinetic models applicable to different solid fuels.23

Computational results on diffusion and adsorption also complement experiments,24

aiding the development of improved sorption models. To achieve this, various25

computational chemistry tools are employed. Char models are built using reac-26

tive and non-reactive molecular dynamics. Small molecule diffusivity is isolated27

via non-reactive simulations, while reactive dynamics combined with molecular28

graph analysis are used to identify possible reaction pathways. Accurate electronic29

structure methods are used to compute rate coefficients.30

7.1 Introduction31

Due to its heterogeneous structure, the combustion of (bio)char is an extremely com-32

plex process in which various volatile and non-volatile intermediates occur. Hetero-33

geneous and homogeneous reactions are important and, at the elevated temperatures34

of the combustion, mass transport through the porous char matrix with pores on35

different length scales plays a central role. Experimentally, reaction parameters of36

individual reactions are difficult to access. Widely-used simplified reaction models37

are based on the formulation of net reactions taking into account boundary layer38

and pore diffusion, and simplified heterogeneous reactions [1,2]. Such models are39

ultimately required for multi-scale simulations of the whole combustion process.40

A comprehensive overview of models can be found in a review by Hasse [1]. It is41

important in this context that the network of homogeneous gas-phase reactions for42

the combustion of small volatile molecules is known to some extent and rate param-43

eters are often already available [3]. Also, those reactions are mostly fast and can be44

regarded as approximately being in equilibrium [2].45

In contrast, much less data is available at the atomistic level on the slower, hetero-46

geneous reactions for the combustion of (bio)char matrices. It is commonly modelled47

with a small set of lumped net reactions with Arrhenius-type expressions for temper-48

ature dependence. The parameters of such models are usually fitted to experimental49

data or empirically adjusted to reproduce the product spectrum and overall net reac-50

tions rates. However, such models subsume a large number of elementary reactions51

for chemically different intermediates. Heteroatoms contained in char, such as nitro-52

gen, sulphur, potassium, etc. are usually not accounted for in such models because53

of missing experimental data.54

Similarly, as shown by Hurt and Calo [4], an experimental determination of55

adsorption and desorption rates is, especially at high temperatures, often not possible56

due to transport limitations. This makes it very difficult to disentangle experimen-57

tally the contributions from different processes to determine the actual reaction rates58
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7 Atomistic Simulations 3

for individual elementary steps. In addition, effects such as change in pore structure,59

thermal deactivation of the char by annealing, or reduction of the apparent reaction60

rate with increasing ash content during combustion can only be taken into account61

by very simple approaches with empirically adjusted parameters.62

Theoretical methods with atomistic resolution can provide results for elementary63

steps that are not easily accessible by experiments but needed to separate contribu-64

tions from different reaction channels. So far, there are only a few studies that have65

investigated individual elementary reactions of char combustion in this way [5].66

First with the advances in theoretical models and the rapid development of computer67

architectures in recent years such complex reaction systems became accessible for a68

theoretical modelling at the atomistic and elementary reaction level.69

Pioneering in this field has been the joint work of the developers of the reac-70

tive force field ReaxFF [6] around van Duin and the group of Mathews, who used71

molecular dynamics (MD) simulations to model the combustion of an atomistic char72

model [7]. By combining different sizes of condensed aromatic compounds with73

stochastically distributed functional groups, they constructed an atomistic model74

with almost 10,000 atoms for which they subsequently simulated the combustion in75

a pure oxygen atmosphere. This study demonstrated the possibilities of theoretical76

calculations and the mechanistic insights that could be obtained from simulations77

at that time. However, the accuracy of the reactive force field was quite limited. To78

make the MD simulation feasible, very high temperatures of 3000–.4000 K were used79

to accelerate the computations. The conclusions that can be drawn from such a study80

based on a single theoretical method and brute force MD, are therefore limited. Nev-81

ertheless, this work represented an important feasibility study for the use of reactive82

force fields.83

As a result of the development mentioned above, the treatment of larger sys-84

tems is now possible at the same accuracy that before was only achievable for small85

gas-phase species. The determination of reaction energies is now possible with chem-86

ical accuracy for systems with 30 or more atoms, provided the molecular structure87

is well-defined. This is commonly used for homogeneous gas phase reactions of88

small molecules. However, due to the complex amorphous and hierarchical structure89

of (bio)char and the coupling of heterogeneous combustion and gasification reac-90

tions to mass transport through pores on different length scales, a direct brute force91

simulation at the atomistic level is still out of reach. There is no question that theo-92

retical modelling of char combustion aiming at predictive accuracy required also at93

the atomistic level a multi-scale approach. Only by combining different specialised94

methods with varying degrees of accuracy for different intra- and intermolecular95

interactions and, thus, varying computational demands with length- and time-scale96

bridging approaches, the complex processes during char burn out can be captured.97

Besides such a multi-scale and multimethod approach, a heuristic methodology98

to generate realistic structure models with atomic resolution is needed as starting99

point to simulate transport processes of small molecules and as a stage to investi-100

gate reactive processes during combustion. Generating such models presents sev-101

eral significant challenges due to the complex heterogeneous nature of the material.102

Char exhibits regions of high graphitisation, but also contains numerous defects that103
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4 S. Bastian et al.

disrupt these ordered domains. Additionally, char is interspersed with various func-104

tional groups containing elements such as oxygen, nitrogen, sulphur, etc., adding105

to its chemical complexity. The pyrolysis process creates voids of varying sizes106

within the char, as the volatile gases are released, further contributing to the irregular107

and multifaceted nature of its structure. Up to now, char models have mainly been108

generated ad hoc or by semi-automatic assembling of small graphitic units (flakes)109

with a moderate amount of non-planar defects [8]. In the present work, an entirely110

new strategy has been explored to arrive at realistic char models, which is rooted on111

exploiting ReaxFF to anneal and relax initial structures towards chemically meaning-112

ful molecular systems. The approach allows to incorporate experimental information113

like density, flake size and tortuosity, or concentration of functional groups as bound-114

ary conditions into the generation process.115

A computational workflow has been developed to produce different stacks of116

defect-rich graphitic carbon with a predefined size and corrugation. Different func-117

tional groups can be distributed in an automated fashion. From these graphitic stacks,118

or from fragments of these, larger structure models are generated using periodic119

boundary conditions. Here, a geometric analysis of the pore size distribution allows120

again comparison with experimental data.121

With an increasing size of these structure models in terms of the number of atoms,122

even the use of rather efficient methods like the reactive force field ReaxFF becomes123

computationally intractable. In addition, they are not specifically calibrated to repro-124

duce non-bonded interactions. Thus, at these larger length and timescales, where a125

realistic and chemically meaningful atomistic structure has already been realised,126

non-reactive generic force fields are employed to investigate transport properties of127

small gas molecules like oxygen, nitrogen, carbon dioxide, or water. In addition, as128

a benchmark, also idealised slit pores of differently functionalised graphitic surfaces129

have been used to study adsorption and diffusion of gaseous molecules.130

Due to its high computational performance, ReaxFF is also used extensively in131

the current study to discover possible reaction pathways. Because of the approxima-132

tions that are made to achieve the computational performance that is needed for MD133

simulations, the accuracy of ReaxFF is not sufficient to obtain quantitative results134

for reaction energies or realistic reaction rates. The latter require accurate electronic135

structure methods based on a quantum mechanics that are computationally demand-136

ing. To bridge the gap between accurate electronic structure methods and the reaction137

discovery that is done with MD simulations combined with a qualitative method for138

the potential energy surface, a tool for the analysis of MD trajectories is imple-139

mented that automatically detects reaction events and stores them in a database (see140

below). They serve then as starting points for step-wise refinements of reaction path-141

ways, molecular structures, energies, and entropies that employ electronic structure142

methods of increasing accuracy and computational demands. It starts with density143

functional theory (DFT) at the meta generalised gradient approximation (meta-GGA)144

level followed by a further refinement with a hybrid functional, and explicitly corre-145

lated coupled-cluster calculations for the final energies. This combination of methods146

allows to compute reaction and activation energies with an accuracy of a few kilo-147

joules per mole. The vibrational energy levels are used in combination with a quasi148
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7 Atomistic Simulations 5

rigid rotor harmonic oscillator (qRRHO) approximation [9,10] to compute the par-149

tition functions needed for reaction rates and entropy contributions to free energies.150

Although, as a force field approach, ReaxFF stands out by its high performance151

for reactive MD simulations it has some shortcomings that limits its applicability152

for char combustion modelling. One of them is that parameterisations suitable for153

combustion conditions are not yet available for some atom types that are relevant154

for char combustion like phosphorus, Ca, K, and Na. Also, as a force field approach,155

ReaxFF is not aware of the electronic structure and thus of information like the156

number of electrons or the electronic spin. Therefore, extended tight binding methods157

from the GFN-xTB family [11] are explored as semi-empirical electronic structure158

methods as alternative approaches for reactive MD simulations for reaction discovery.159

As mentioned above, (bio)char consists of interlinked polyaromatic hydrocarbons160

(PAHs), functionalised in particular with oxygen, but also with nitrogen and sulphur161

containing functional groups. The functional groups occur mostly at the edge of the162

aromatic regions and are the most important points of attack during oxidation. But163

also hydrogen atoms at the edge of aromatic ring systems can be abstracted by highly164

reactive radicals like H and O atoms that are present at the elevated temperatures in165

the combustion atmosphere. The organic radicals that are generated by these initial166

steps can react with molecular oxygen—which is otherwise not very reactive—and167

form organic peroxo radicals that play a central role in radical chain branching.168

The atomistic simulations are separated into reactive and non-reactive processes169

in the ensuing sections.170

7.2 Non-Reactive Processes171

For the char-burnout mechanism, the heterogeneous combustion and gasification172

reactions are crucial. However, due to the entanglement of the chemical reactions with173

transport processes, also this aspect needs to be considered in atomistic simulations.174

In particular the transport of small molecules like oxygen, carbon dioxide or water175

as well as the transport of heat (or the heat capacity) can be determined by molecular176

dynamics simulations. From an experimental point of view, transport properties like177

diffusion constants can be determined, however, not for the conditions during char178

burnout. It is an advantage here that theoretical simulations allow on one side to179

extrapolate such properties to, e.g. high temperature conditions, but at the same time180

to constrain the systems not to undergo any chemical reactions, which allows in the181

end to disentangle transport and reactive contribution to effective rates. However,182

as pointed out above, a required prerequisite for such simulations are appropriate183

atomistic structure models for char. From a methodological point of view, also more184

efficient non-reactive force field methods need to be implemented, capable to describe185

the complex chemical environments found in the amorphous char.186
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6 S. Bastian et al.

Fig.7.1 Schematic visualisation of the top-down method for the construction of stacked char models
using curved meshes as blueprints

7.2.1 Construction of Atomistic Char Models187

The basic workflow of the newly developed char construction methodology [12]188

is visualised in Fig. 7.1. It begins with a curved mesh as primary input, for which189

parameters like size and corrugation should in practice be derived from experimen-190

tal HRTEM data. Stacked meshes are then formed by extrapolating mesh points191

from the initial mesh via its normal vectors with certain geometric constraints, most192

importantly a 3.5 Å distance of the new points to the initial mesh to reproduce193

the experimentally observed distance of stacked graphene sheets. This procedure is194

continued until the desired stack size is obtained.195

Then, carbon atoms are randomly placed on each of these templating surfaces in196

the stack with the number of carbon atoms slightly below the atomic surface density197

of graphene. An adequately sized simulation box is then spanned around the stacked198

carbon atoms and the empty space is populated with hydrogen atoms at least 3 Å199

apart from each carbon atom in the stack.200

The transformation of the resulting system into a chemically reasonable char201

model is initialised by a restrained energy minimisation of the system using ReaxFF,202

where the atoms are allowed to structurally relax under the restraint of harmonic203

spring potentials that force the carbon atoms to their respective mesh planes. Next,204

the system is dynamically restructured in a MD simulation employing ReaxFF that205

consists of a .25 ns long heating stage towards .2500 K followed by a .25 ns long206
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7 Atomistic Simulations 7

Table 7.1 Parameters of the three char single planes formed on meshes generated from Gaussian
hill functions

Name GH15 GH20 GH25

Gaussian height/Å 15 20 25

Empirical formula .C2038H313 .C2102H376 .C2104H360

annealing stage at .2500 K and a final .2.5 ns long quenching stage towards .100 K207

during which the system freezes into a chemically reasonable structure.208

The frozen structure is relaxed in an energy minimisation and refined with an209

algorithm which identifies and modifies energetically unfavorable structural features.210

First, regardless of the actual element, atoms bonded to only a single other atom are211

replaced by hydrogen, the remaining atoms are considered carbon. Next, carbon212

atom pairs with interatomic distances below 1 Å are fused into a single carbon atom213

with an averaged position. Next, 3-membered carbon rings are opened by remov-214

ing single members and saturating with hydrogen atoms, where appropriate. The215

remaining undercoordinated carbon atoms are also saturated with hydrogen atoms if216

the surrounding steric bulk allows it, else they are kept as radicals. Molecules with217

less than 20 atoms are considered to be volatile species and are removed. Finally, the218

system is again allowed to relaxed via energy minimisation using ReaxFF to yield219

a chemically stable char model. This refinement process can be reiterated multiple220

times if required.221

The presented workflow is robust to arbitrary mesh curvatures, which is demon-222

strated by the application on input meshes generated from two-dimensional Gaussian223

functions with heights given in Table 7.1. Truncating the process after the formation224

of the initial layer yields the char monosheets displayed in Fig. 7.2. These achieve225

the desired curvatures in a chemically plausible fashion by formation of several types226

of defects with respect to pristine graphene sheets. On the one hand, certain local227

curvatures are achieved by the incorporation of 4- to 8-membered carbon rings, on228

the other hand the formation of holes in the monosheet increases local flexibility229

around the holes allowing for certain curvatures.230

Based on the foundational char models obtained by this workflow, more realistic231

char models can be derived by taking experimental data into account, specifically232

the fringe lengths of real char flakes computed from HRTEM images and the amount233

of functional groups from TPD measurements. The distribution of such measured234

fringe lengths serve as the experimental anchor data for the developed second gen-235

eration of char models. These are generated by first cutting out stacks of three to five236

carbon layers from the initial model with fringe lengths in the range of the experi-237

mentally measured values. These cutouts then undergo a series of refinement steps238

before they are finally recombined to a realistic char model. In the first algorithmic239

refinement step, oxygen-carrying functional groups are hierarchically introduced by240

replacing carbon and hydrogen atoms at suitable sites identified by the algorithm241

until a functional group distribution close to experiment is reached. A functionalised242

char stack obtained form this procedure is displayed in Fig. 7.3.243
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8 S. Bastian et al.

Fig. 7.2 Char single planes with meshes generated from Gaussian hills of three different heights
(reprinted from Angenent et al. [12], licensed under CC BY-SA 4.0)

Following the oxygen functionalisation, the geometries of the char stacks are244

optimised using GFN2-xTB [11] to remove structural artifacts introduced by all245

preceding construction steps, for example by quenching radicalic sites through inter-246

layer bond formation or by resolving overcoordination via bond breaking, which may247

result in elimination of small molecules that are subsequently purged from the stack.248

A realistic char model is then obtained by positioning a large number of optimised249

stacks of varying size and shape in a periodic simulation box as displayed in Fig. 7.3.250

Here, the PACKMOL [13] package was used for the positioning.251

Due to the large system size that is needed for realistic char models constructed in252

this fashion, any further processing and, more importantly, MD simulation of these at253

time scales that are sufficiently long to cover relevant dynamical properties requires254

a potential energy model that is computationally more efficient than ReaxFF. For255

sampling phenomena that do not involve the breaking of chemical bonds, such as256

adsorption and diffusion of small molecules in char, the reactivity of ReaxFF can be257

traded for efficiency by employing a non-reactive force field. Further more, ReaxFF is258

not calibrated for the non-bonded interactions important for diffusion and adsorption259

Fig. 7.3 Examples for oxygen functionalisation of a stack of small char flakes and for a porous
char model consisting of 92 unique functionalised stacks with in total system size of 27,907 atoms
and a box length of 109.1 Å
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7 Atomistic Simulations 9

in the char matrix. To this end, the generic UFF [14] was employed, which uses a260

rule-based system to generate force field parameters for the entire periodic table from261

a set of purely atomic parameters. However, due to the chemical complexity of char it262

could not be used unmodified because of particular chemical environments present in263

char models that UFF was not designed for, such as certain three and four-membered264

rings, allenes, and ketenes, some of which are to be expected in functionalised char265

and some being artificially favoured by ReaxFF which was used for the initial char266

construction steps. With respect to the latter, some rather reactive sites contained267

in the constructed char models can be traced back to insufficient saturation with268

hydrogen in the initial construction steps, which could not be fully quenched by the269

reoptimisation with GFN2-xTB. To remedy this, certain modifications to UFF had270

to be made, such as extending the generic rules for the setup of the UFF potential271

terms when such chemical environments are identified, as well as entirely eliminating272

certain potential energy contributions that turn numerically instable in edge cases that273

are frequently encountered in the generated char models. The atom types that dictate274

the setup rules for UFF are reliably identified using the Open Babel [15] package. For275

the electrostatic contributions to the potential energy, rather than using a fluctuating276

charge model based on charge equilibration [16] as in the standard UFF, the modified277

UFF uses a simple static point charge model, that enters the potential energy via278

Coulombic interaction terms between these, located at the respective atomic sites.279

The atomic partial charges are initialised by a topological charge equilibration model280

(QEq) developed by some of the authors of this chapter, which allows the use of281

realistic, well-balanced charges independent of the geometry to reduce the numerical282

effort. Such an electrostatic model is of prime importance to capture, e.g. the non-283

bonded quadrupole interaction of CO.2 with the char matrix. The parametrisation for284

the topological QEq model has been generated from a large set of reference data for285

porous hybrid materials with a wide variety of chemical environments.286

The above workflow allows now to construct realistic char models with periodic287

boundary conditions, using corrugated, yet stacked graphitic planes with the ability288

to systematically vary stack sizes, functional groups and defect concentrations. Den-289

sities and pore size distributions can be adjusted either by choosing differently sized290

stacks or by further compressing the models alongside with an annealing sequence.291

The implementation of an extended UFF setup allows efficient non-reactive MD292

simulations to target (mixture) adsorption, and diffusion also at experimentally inac-293

cessible conditions as, e.g. the higher temperatures of char combustion.294

7.2.2 Simulation of Diffusion in Char295

In Chap. 5, the impact of oxygen functionalisation of char on the adsorption and296

diffusion of water is investigated experimentally [17], indicating a stronger interac-297

tion of water with the functionalised hydrophilic interface as compared to the more298

hydrophobic native char. To shed light on this behaviour on a molecular level, an ide-299

alised scenario has been investigated by non-reactive force field simulations. Since300

the major part of carbon in char appears as graphitic stacks, it was chosen to use a301
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10 S. Bastian et al.

Fig. 7.4 Idealised graphite slit pore. The COOH-terminated 2-D graphite slab with a pore width of
14 Å is shown for the a water concentration of around.2.0 mol L−1 of water, viewed in.x direction

highly idealised surface, namely a hydrogen terminated 2-D slab of ideal crystalline302

graphite. By slicing the crystal structure of graphite in different hkl-planes, either303

zig-zag or armchair type surfaces are formed. Note, that the entirely hydrophobic304

graphene-like interface was intentionally omitted, since it can not be functionalised.305

The dangling bonds resulting from this slicing have been saturated with hydro-306

gen atoms. For the functionalised variant of the 2-D slab, a number of these bonds307

have instead been saturated with carboxylic acid (COOH) groups (54 groups in the308

simulation box). This is roughly equivalent to the estimated number of functional309

groups per surface area determined from the experimental measurements on the310

high-functionalised model char O-MH800 which is based on the native MH800 [18]311

char. In this setup, the.z direction is the surface normal, whereas.x and.y are defined312

to be parallel and perpendicular to the graphene sheets, respectively (see Fig. 7.4).313

Figure 7.4 shows the simulation setup for a pore width of 5 and 14 Å and a314

low water concentration. In addition, a very wide 100 Å slit pore geometry has been315

considered. The amount of water was varied from a low concentration of.0.1 mol L−1
316

up to a near-bulk concentration (see Fig. 7.4 for the example of .2 mol L−1).317

Note, that the actual pore volume needed to determine the concentrations are318

approximated using the pore width, which is measured between the saturating hydro-319

gen atoms as shown in Fig. 7.4. The generic force field UFF [14] was used for the320

graphite slabs together with the SPC/Fw flexible water potential [19]. The slit pores321

have been loaded with water molecules and, using MD simulations in the NVT322

ensemble, the molecular trajectories of the water molecules were determined. From323

Einstein’s diffusion equation, the water self-diffusion constants.DH2O can be derived324

via the slope of the mean square displacement .M SD325

.M SD(t) = 1
N

N∑

i=1

[ri (t) − ri (0)]2 , (7.1)326
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Fig. 7.5 Computed self-diffusion constants of water in the slit pores in the directions parallel to the
graphite slab surface with unfunctionalised (C–H) and functionalised (additional –COOH groups)
termination

where .ri (0) and .ri (t) are the particle positions at the time origin and at time .t ,327

respectively, plotted over .t . Multiple time origins are used to improve statistics.328

Self-diffusion constants in the two directions parallel to the slab surface (.x and .y)329

were determined for the different slab geometries and water loadings (see Fig. 7.5).330

An anisotropy in the diffusivity can be observed especially for lower loading, due331

to the different corrugation of the surface in the two surface orientations, which332

can be traced back to the layered nature of graphite. As expected, the speed of333

diffusion is reduced for smaller pore sizes and generally decays towards high water334

concentrations, except for the COOH-functionalised 5 Å pore, where the diffusivity335

at lower concentrations is reduced by several orders of magnitude. Here, the strong336

interaction of the guest molecules with the pore walls significantly reduces their337

mobility. This effect is also observable in the 14 Å pore, albeit to a much lesser degree.338

Thus, in smaller pore size regimes of functionalised char, host-guest interactions339

increasingly dominate the diffusive behaviour of adsorbed water.340

7.3 Reactive Processes341

Previous investigations of elementary reaction steps for the combustion of solid342

fuels have mostly been limited to pyrolysis and primarily concerned with the uni-343

molecular decomposition of small functionalised aromatic hydrocarbons [20–22].344
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12 S. Bastian et al.

Fig. 7.6 Workflow for the automatised reaction discovery and refinement

In difference to pyrolytic conversion, combustion comprises a large variety of reac-345

tions with oxygen-containing radical species. Accurate detailed mechanisms at the346

level of elementary reactions are only available for a number of liquid and gaseous347

fuels [23–26].348

In the current study, elementary reaction steps for the oxidation of molecular349

surrogates for char were investigated with a workflow that makes use of several350

methods, each specialised for a particular task.351

7.3.1 Multi-Method Approach for Reaction Networks and Rate352

Coefficients353

The chemical space of combustion of even small char surrogate models is vastly huge354

and automatic tools for reaction discovery are indispensable for the exploration of355

the reaction network. There are various options for reaction sampling techniques.356

An approach was chosen which utilises reactive MD simulations with cost-effective357

methods like ReaxFF and GFN-xTB. This allows to sample the potential energy358

surface and to discover key reactions.359

These methods alone are, however, not sufficient: The amount of reaction events360

makes it infeasible to analyse them by hand. Furthermore, the limited accuracy of361

ReaxFF or GFN-xTB does not allow for quantitative predictions. Both issues are362

addressed by introducing an automated workflow from MD simulations to accurate363

quantum chemical calculations [27] sketched in Fig. 7.6. In a first step, relevant reac-364

tions are identified and filtered to remove redundancies during the reactive simulation365

by comparing to previously detected reactions already stored in a database.366

In the second step these reactions are post-processed on higher levels of theory,367

which allows to target quantitative predictions. The treatment on various levels of368

theory allows to employ accurate, but computationally costly electronic structure369

methods only for those reactions, which before on a lower level of theory were370

found to be most likely relevant.371
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7 Atomistic Simulations 13

Fig. 7.7 Illustration of the trajectory scan. If a reaction event is found three frames for the educt
(Ed), transition state (TS) and product (Pr) are stored for post-processing

For each start system, usually 5 MD simulations with different random start veloc-372

ities are run and the trajectories stored in a portable HDF5 file. After completion of373

the simulation, the reactions are identified as bond breaking or formation events374

and extracted from the trajectory in the HDF5 file. For this, the structures for each375

time step of the MD simulation are mapped onto an (undirected) molecular graph.376

The connectivity for the graph stems from bond orders. A bond order larger 0.5377

is used as criterium for a bond between two atoms to determine the connectivity378

of the molecular structure and thus the graph. The graph representation is used to379

compare the frames within a trajectory and thereby locate reactive events. For effi-380

ciency reasons this search is not done frame by frame but, as illustrated in Fig. 7.7,381

the frame index is incremented by a user-defined step size .Nlarge (default 200). If a382

change in a molecular graph is detected, the search direction is reversed employing383

a smaller step size .Nsmall (default 10), which will be reduced down to 1 to locate384

the frames, where the reaction event took place. If a reaction event was found, three385

frames representing the educt(S), product(S), and the transition state, are stored for386

post-processing. It is distinguished between unimolecular rearrangements and non-387

unimolecular reactions involving either on the educt or product side more than one388

species.389

Table 7.2 Statistics of filtered reactions [27]. Listed are the total number of located reactions .nr
and the number of unique reactions .nr̄ . Additionally the number of unique reactions in which the
molecular C-graph changes.n(C)

r̄ and the screening ratio.Screen = (nr − nr̄ )/nr are given

.C16H9 .C20H11

run 1 2 3 4 5 1 2 3 4 5

.nr 1643 2494 1166 809 978 3829 3733 50 498 3933

.nr̄ 103 32 11 34 14 11 8 9 41 7

.n(C)
r̄ 38 10 3 8 4 2 2 20 1 0

.Screen/% 94 99 99 96 99 99.9 99.9 82 92 99.9
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14 S. Bastian et al.

For an efficient analysis, it is vital to filter the found reactions to extract a set of390

relevant unique reaction events. This filtering process is also done on the basis of391

the graph representation. In addition Cartesian coordinates are stored to distinguish392

stereo isomers. During the comparison, it is tracked if the molecular species belong393

to the educt or product side for the classification as forward or backward reaction.394

If a reaction .r is not found in the database it is added as new unique reaction. The395

first reaction of its kind is always classified as forward reaction. Table 7.2 highlights396

the importance of the filtering process, as screening ratios up to .90 % have been397

observed.398

Reaction and Activation Energies399

After the reaction discovery, the structures of educts, products, and transition states of400

the newly identified unique reactions are in a first step refined at the DFT level using401

a computationally cheap meta-GGA functional and a small basis set, TPSS-D3/SVP.402

Depending on the method used in the reaction discovery step, only information on403

the molecular geometries and possibly charges are available from the latter. However,404

additional information is needed to unambigously specify the electronic states of the405

reactants when the electronic structure is taken into account. This includes in addition406

to the charges the information on the spin state: at the DFT level the .Z component407

of the electronic spin, .MS, which sets a lower bound for the spin quantum number408

.S ≥ |MS| and the number of unpaired electrons. To determine .MS, a single-point409

DFT calculation with Fermi smearing [27,28] is done. After the Fermi smearing410

calculation, fractional occupation numbers are rounded to the closest integer and an411

initial value for.MS is determined as.M init
S = (nα − nβ)/2. The DFT energy without412

Fermi smearing is then evaluated for .M init
S , and, where possible, for .M init

S ± 1. The413

spin orbital occupations resulting in the lowest DFT energies are then used for the414

subsequent calculations.415

Next, the geometries of the reactants are optimised at the DFT/TPSS-D3/SVP416

level and the molecular graphs of the optimised structures are compared with the417

initial graphs from the reaction discovery. If the molecular graphs changed, the418

further refinement is skipped because the respective reaction has then no counterpart419

on the DFT potential energy surface.420

To ensure that along a reaction the spin states of the educts, the transition state,421

and the products are compatible also for non-unimolecular cases, e.g. .A + B −→422

[TS] −→ C + D, for the educts and for the products the sets of possible total .MS423

values,.Meducts
S and.Mproducts

S , respectively, is determined that can be reached by cou-424

pling of the individual spins. Only values contained in both sets and, thus, compatible425

with a spin-conserving reaction, are considered. In the workflow for the location of426

transition states on the DFT potential energy surface (PES) there is the possibility427

to either refine the structure from the MD trajectory using an algorithm for the opti-428

misation for saddle points or, if this fails, to use a double ended reaction pathway429

optimisation. If the sets of possible values of .MS for the educts and products do not430

contain a common value, the workflow tries to optimise the transition state structure431

starting from the initial guess found during the reaction discovery with all values432

for .MS possible for the assumed products or the assumed educts. The final educts433
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7 Atomistic Simulations 15

and products of the reaction on the DFT PES are then determined from the DFT434

transition state by following the reaction coordinate (gradient extremal) pathways435

downwards in forward and backward direction.436

As mentioned above, the workflow uses two alternative algorithms to locate tran-437

sition states. The first one is partially adopted from the studies by Döntgen et al.438

[29,30] and Kröger et al. [31]. It starts from the structures identified during the439

reaction discovery step as those where a bond breaking or formation event is hap-440

pening (see above). These structures are first preoptimised at the DFT level with441

fixed bond distances for the „reacting“ bonds to bring all other coordinates close442

to equilibrium. Then the Hessian for the nuclear coordinates is calculated for this443

pre-optimised structure and a regular saddle point optimisation with a trust-region444

image minimisation algorithm is carried out.445

In any case, it is verified by a final Hessian calculation that transition states are446

first-order saddle points. Forward and backward intrinsic reaction coordinate calcu-447

lations are used to verify the educts and products that are connected by the located448

transition state. For non-unimolecular reactions where the IRCs end at structures with449

(weakly interacting) separate reactants, the spin orbitals are localised and assigned450

to the individual fragments which allows to identify the individual.MS spin quantum451

numbers. Then, the geometries of the separate fragments are optimised. The molec-452

ular graphs of the optimised IRC end points and the respective values for .MS are453

compared to those of the assumed reference educts and products that were obtained454

from the refinement of the structures identified in the reaction discovery. If they do455

not agree, the results are assigned to a new reaction and a second algorithm to locate456

the correct transition state for the searched-for reaction is used which starts with457

a double-ended reaction path optimisation between the DFT-optimised educt and458

product structures.459

For those reactions that could successfully refined with the low-accuracy DFT460

method, the geometries of the reactants and the transition states are further refined461

with the more accurate meta-GGA hybrid functional TPSSh-D3 and the more accu-462

rate, larger TZVP basis. The same level of theory, DFT/TZVP-D3/TZVP is also used463

to compute within the harmonic approximation the vibrational frequencies for the464

zero-point vibrational energy contributions and for the calculation of the partition465

functions.466

While DFT/TZVP-D3/TZVP gives structures and harmonic vibrational energies467

that are sufficiently accurate for the purposes of this work, the electronic energies468

obtained at this level of theory are not sufficient for the requirements on reaction469

energies and rate coefficients. Therefore, in the last step of the refinement work-470

flow accurate electronic energies at the DFT-optimised structures are computed for471

the reactants and transition states. For this, the explicitly correlated coupled-cluster472

singles-and-doubles method is employed with a scaled perturbative triples correc-473

tions, CCSD(F12*)(T*), with optimised basis set for this level, cc-pVDZ-F12. For474

open-shell systems, the CCSD(F12*)(T*) calculations are done based on restricted475

open-shell Hartree-Fock (ROHF) reference wavefunctions to avoid that the accuracy476

of the results is impaired by spin-contamination.477
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16 S. Bastian et al.

Rate Coefficients478

The rate coefficients are calculated within the framework of transition state the-479

ory with transmission coefficients evaluated in the high temperature limit of the480

Eckart tunneling correction. The partition functions needed for this are calculated481

within a modified qRRHO approximation [9,10]. The rate coefficients are temper-482

ature dependent, most importantly through an exponential factor depending on the483

activation barrier. For a compact representation of the rate coefficients .k(T ) over a484

wide temperature range, parameters.A,.n, and.E for a modified Arrhenius expression485

.k(T ) = A T n exp
(

− E
T

)
(7.2)486

are fitted with a non-linear least-square fit to explicitly computed rate coefficients on487

a grid for the temperature range 300–.3000 K.488

7.3.2 Reaction Discovery with Reactive MD489

The performance of reaction MD simulations for polyaromatic hydrocarbons in an490

oxy-fuel atmosphere in terms of the required simulation length and the outcome491

is mostly determined by the concentration of radicals that can initiate combustion492

reactions and the simulated temperature. In reactive MD simulations at physical493

combustion temperatures of.≈ 1000 K, O.2 reacts only very rarely with hydrocarbons494

without radical centres. Usually, aryl and oxo (RO.·) radicals are formed in the first495

steps of hydrocarbon combustion. These radicals are much more reactive and, thus,496

are efficient starting points for reactive MD simulations.497

In early ReaxFF studies on char combustion [7], large coal models were oxidised498

at high temperatures of 3000–.4000 K for.250 ps to resolve the bottleneck for the initial499

reaction steps. However, applying simulation temperatures higher than.3000 K causes500

an unphysical bias towards pyrolytic cracking reactions. The oxidation of perylene501

(.C20H12) is investigated in two distinct combustion atmospheres at 2000 and.4000 K502

(Table 7.3). At .4000 K and in the absence of radical species, perylene undergoes503

rapid fragmentation into different C.2–C.7 gas-phase species before these fragments504

are oxidised by molecular oxygen. For example, after.0.1 ns two acetylene fragments505

were eliminated which were subsequently oxidised by O.2 to carbon dioxide. In fact,506

the unimolecular fragmentation reactions are similar to pyrolytic cracking and do507

not involve radicals or molecular oxygen in the combustion atmosphere. At lower508

temperatures (.2000 K) perylene is nonreactive and no oxidation event was detected509

even after .10 ns. Only if in addition hydroxyl radicals are added to the atmosphere,510

perylene is oxidised rapidly at both simulation temperatures. But even with HO.·511

present fragmentation reactions involving dehydrogenation and acetylene or ethene512

elimination reactions are at .4000 K the main initial reaction channels that lead to513

the decomposition of the aromatic system. Hence, radical species are crucial for514

an efficient but realistic simulation of combustion reactions of PAHs and open up515

different reaction channels involving molecular oxygen. These open-shell gas-phase516
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Table 7.3 The influence of radical species and temperature in ReaxFF simulations using perylene
as a typical PAH system

Temperature Radicals Oxygen Observation

.2000 K None 40.O2 Nonreactive

.4000 K None 40.O2 Fragmentation (after
.0.1ns)

.2000 K 10 OH radicals 40.O2 Edge carbon oxidation

.4000 K 10 OH radicals 40.O2 Fragmentation (after
.0.1 ns)

molecules trigger oxidation reactions, e.g. by abstracting hydrogen atoms from the517

edge of a PAH system, thereby forming intermediate aryl radicals.518

To minimise a potential bias of simulations caused by unreasonably high radical519

concentrations in the simulation box, a preprocessing tool for generating transition520

states for the radical initiation reactions is implemented. The hydrogen abstraction521

transition state explorer (HyATraX) [32] can be used as a tool to generate reac-522

tive intermediates that are generated via common initial reaction channels involv-523

ing hydrogen atoms or hydroxyl radicals. The formation of these aryl radicals is524

time consuming during the MD simulations at physically reasonable temperatures525

(.! 2000 K). Also PAHs with heteroatomic functional groups also tend to be non-526

reactive in the absence of gas-phase radical species in the atmosphere and do not527

solve this problem. The application of HyATraX facilitates the quick generation of528

open-shell intermediates and the automatised calculations of the respective activation529

and reaction energies which are depicted schematically in Fig. 7.8 for two selected530

nitrogen-containing PAHs. The generated radical intermediates can be used as an531

input for MD simulations, thereby reducing the computational time by lifting the532

bottleneck of the slow initial abstraction reactions. The analysis of multiple trajec-533

tories with different randomly chosen starting velocities leads to a reaction network534

that can be further expanded by sampling additional trajectories for stable interme-535

diate structures. This allows different combustion products to be linked and more536

complete reaction networks to be created. Also in general it is important for the537

completeness of the reaction network that enough trajectories with different start538

conditions are generated. While for oxygen- and sulphur-containing PAHs it was539

found that five individual runs are sufficient to explore the reaction space of these540

systems, this changes when nitrogen is included in the carbon framework. Nitro-541

gen stays carbon-bound during the oxidation reactions and forms .NOx precursors,542

whereas oxygen and sulphur functionalities are eliminated in the initial reaction543

steps. It turned out that typically about 15 MD runs are needed to cover the reaction544

network for nitrogen-containing PAHs.545

As alternative to reactive force fields, semi-empirical xTB methods can be applied546

for the reaction discovery. Specifically for char models containing potassium and547

other alkali metal atoms for which currently no ReaxFF parametrisations suitable548

for combustion is available, GFN2-xTB is currently the only feasible option to sample549

the reaction space for combustion. GFN2-xTB is parameterised for almost the whole550
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Fig.7.8 Reaction energies (.ER) and activation barriers (.EA) in.kJ mol−1 of initial hydrogen abstrac-
tion reactions by H atoms in two nitrogen containing PAHs. Transition states and products were
generated with the HyATraX tool at the DFT/TPSS/TZVP level

periodic table and, in contrast to ReaxFF, does not require different parameterisations551

for different reaction conditions. In addition, it uses an electronic wavefunction which552

has some advantages for the transfer of the MD results to the DFT refinement. The553

price to be payed for this are the larger computational costs of GFN2-xTB simulations554

that are at least one order of magnitude higher than for ReaxFF.555

For the MD simulations with GFN2-xTB, a nanoreactor setup is employed, where556

the reactants are placed in a spherical confinement (Fig. 7.9). Furthermore, an arti-557

ficial central force is applied which partially compensates for the increased compu-558

tational complexity of GFN2-xTB by increasing the number of collisions and thus559

the reactivity of the system:560

.F = sign(ri − o) kF mi (ri − o)2 . (7.3)561

In (7.3), .mi denotes the mass of atom.i , .ri its position vector and.o the centre of the562

simulation box. Moreover, the force is defined by a predetermined force constant.kF .563

For the construction of the molecular graph, approximate bond orders are calculated564

Fig. 7.9 Spherical
confinement (blue) used in
the GFN2-xTB MD
simulations

609647_1_En_7_Chapter-online ! TYPESET DISK LE ! CP Disp.:20/9/2025 Pages: xxx Layout: German_T1

A
ut

ho
r 

Pr
oo

f

paid

too tight layout



U
N

C
O

R
R

EC
TE

D
 P

R
O

O
F

7 Atomistic Simulations 19

Fig. 7.10 Initial oxidation events of pyrrole in the xTB nanoreactor and ReaxFF simulations. The
MD simulation of the hydrogen abstraction reaction can be skipped by applying HyATraX

as [33]:565

.ξ(ri, j ) = 1
1 + exp

[
−k1 (k2 (Ri,cov + R j,cov)/ri j ) − 1

] , (7.4)566

where .Ri,cov are pre-tabulated covalent radii and .k1 = 16 and .k2 = 4/3.567

The agreement between the initial reaction products and reaction mechanisms in568

both approaches is confirmed by a direct comparison of the reaction events observed569

in the ReaxFF simulations and GFN2-xTB nanoreactors. A suitable example of the570

initial reactions of pyrrole in an oxygen atmosphere containing hydroxyl radicals in571

both setups is provided in Fig. 7.10.572

Pyrrole reacts in both simulations to cyanides and isocyanates. The first step is573

the abstraction of hydrogen atoms from the aromatic system that can be directly gen-574

erated with HyATraX. Thereafter, hydroxyl radicals add to the carbon framework575

before the heterocycle breaks apart and reacts with additional radicals in the com-576

bustion atmosphere. Besides, the nanoreactor setup leads to the same initial products577

as observed in the ReaxFF simulations.578

7.3.3 Initial Reactions and Influence of Functional Groups579

With increasing temperature during combustion, radical species open up new reac-580

tion channels leading to reactive intermediates that increase the reactivity of char581

subsystems. Next to the initially generated radicals, small volatile reactive species582

are eliminated from the carbon framework in the later stages of the combustion pro-583

cess, e.g. formic acid, formaldehyde, their analogue radicals, carbon monoxide and584

carbon dioxide. At the beginning of char combustion, the abstraction of hydrogen585

atoms from aromatic C–H bonds is one of the most important initiation reaction586

channels during combustion. The abstraction of individual hydrogen atoms from the587

edge of PAHs leads to the formation of aryl radicals as highly reactive species that can588

react with species in the combustion atmosphere including O.2. The molecular com-589

position and quantity of highly structured and amorphous PAH-areas in (bio)chars is590
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Fig. 7.11 Nomenclature of reaction sites in a generalised PAH

a non-uniquely defined and feedstock-dependent property. Their reactivity can not591

be modelled at the atomistic level with just a single molecular surrogate. In general,592

they contain polyaromatic substructures with different shapes and sizes offering indi-593

vidual reaction sites of which the most important ones are schematically depicted in594

Fig. 7.11.595

To account for the diversity in reaction sites for the hydrogen abstraction by596

atomic hydrogen, Yönder et al. [9] calculated temperature-depended reaction rate597

coefficients for PAHs with different sizes and reported generalised site-specific598

kinetic parameters for hydrogen abstraction reactions at the CCSD(F12*)(T*) level599

(Table 7.4) that allow to extrapolate the kinetic data to differently sized and shaped600

PAHs.601

Beside interlinked aromatic and aliphatic hydrocarbons, char contains mostly602

oxygen, nitrogen, and sulphur functional groups that can enhance its reactivity by603

allowing for reaction channels with lower activation barriers. During combustion,604

Table 7.4 Non-linear least-square fit of the calculated rate coefficients .k to a modified Arrhenius
equation (see (7.2)) for studied reaction sites [9]

Site type .A/.cm3 .mol−1 .s−1 .N /- .E /.K

Zigzag edge solo .1.25 × 108 1.76 7585

K-region duo .1.30 × 108 1.78 7437

Inner trio .1.82 × 108 1.76 7469

Outer trio .1.27 × 108 1.80 7333

Free edge inner quartet .1.17 × 108 1.81 7361

Free edge outer quartet .1.20 × 108 1.82 7319

Armchair bay region .9.26 × 107 1.75 7468
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Fig. 7.12 Barrierless initial reactions of OFGs with hydroxyl radicals leading to reactive
open-shell oxo-intermediates shown with the corresponding reaction energies (.kJ mol−1) at
CCSD(F12.∗)(T.∗)/cc-pVDZ-F12 level. From left to right: dioxine, furan, lactone, dicarbonyls, aro-
matic alcohols, and aldehydes [34]

aldehydes, carboxylic acids, aromatic alcohols, quinones, furans, and dioxins can605

react exothermically with hydroxyl radicals (OH.·) without significant barriers, form-606

ing reactive open-shell intermediates.607

Figure 7.12 shows an overview of initial hydroxyl radical addition reactions608

in phenanthrene-sized systems with oxygen-containing functional groups (OFGs)609

together with the reaction energies. The generated radical species can react further610

with molecular oxygen (.O2) or peroxyl radicals (.HO2·) to create highly oxidised611

intermediates initiating the break-down of the carbon framework.612

Carboxylic acids (COOH), for example, tend to undergo decarboxylation after613

the hydrogen atom from the acid functionality has been abstracted by a hydroxyl614

radical. The generated aryl radical reacts with molecular oxygen, opening reaction615

Fig. 7.13 Reaction energies (.kJ mol−1) at the CCSD(F12*)(T*)/cc-pVDZ-F12 level for the decar-
boxylation phenanthrene-2-carboxylic acid and the subsequent addition of O.2. Energies are relative
to the reactants [34]
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channels for radical chain branching reactions. This reaction type was observed,616

e.g. for phenanthrene-2-carboxylic acid (Fig. 7.13). The decarboxylation has a617

comparatively small activation barrier of .18.8 kJ mol−1 with a reaction energy of618

.−24.5 kJ mol−1. The addition of dioxygen (O.2) to the resulting aryl radical is barri-619

erless and highly exothermic releasing an energy of.−190.4 kJ mol−1 (cf. Fig. 7.13).620

The most abundand sulphur functional groups (SFGs) in char are thiophenes, thi-621

ols (R–SH), sulphonic acids (R–SO.3H), thioketones (.R2C = S), and cyclic sulphones622

(.R − −SO2-R). Terminal SFGs are oxidised during combustion, e.g. by hydroxyl623

radicals step-wise to sulphenic, sulphoxylic, and sulphonic acids before they are624

eliminated as the .HySOx gas-phase species (compare Fig. 7.14) [35]. In thiophenes625

the sulphur atom is part of the aromatic ring system and, thus, reacts differently in the626

initial reaction steps compared to terminal SFGs. Thiophene itself reacts e.g. with627

hydroxyl radicals that add to the aromatic ring system before a C–S bond is broken.628

The generated thiyl radical can then recombine with different radicals present in629

the combustion atmosphere, e.g. a second hydroxyl radical. At this step, sulphur can630

eliminate as a thioperoxyl radical (SOH). Embedded thiophenes react slightly differ-631

ent: For these species, sulphur tends to leave the aromatic framework via elimination632

of carbonyl sulphide (COS), the mono-sulphur analogue of carbon dioxide.633

The most common nitrogen functional groups (NFGs) in char are pyrroles,634

pyridines, and diketopiperazine groups. Different initial radical sites generated with635

the HyATraX [32] tool revealed large variations in reactivities. While, e.g. pyrrole636

1-yl did not react further during the course of the ReaxFF simulations, the 2-yl637

and 3-yl radicals exhibit high reactivity and are oxidised rapidly by molecular oxy-638

gen or hydroxyl radicals. Typically nitrogen tends to stay carbon-bonded during the639

initial oxidation reactions until the NFGs are converted into .NOx precursors like640

hydrogen cyanide (HCN), methanimine (.H2CNH) or (iso)cyanates (NCO, CNO).641

Heterocyclic N-compounds either undergo hydrogen abstraction reactions or direct642

oxidation, e.g. by hydroxyl radicals from the combustion environment. Addition-643

Fig. 7.14 Initial H.ySO.x elimination products of different sulphur functional groups (SFGs) in
varying system sizes observed in ReaxFF
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Fig. 7.15 Reaction energies
(.kJ mol−1) for the addition
of atomic oxygen at different
reaction sites in
benzo[ghi]perylene [36]

ally, C–C or C–N bond dissociations lead to fragmentation and further elimination644

reactions, e.g. the formation of formaldehyde and different .NOx precursors. Non-645

aromatic diketopiperazines react similarly forming cyanides and primarily ketenes as646

initial elimination products. The.NOx precursors then react with atomic and molec-647

ular oxygen to nitrogen monoxide (NO) and dioxide (.NO2).648

7.3.4 Break-Down of the Carbon Framework649

After terminal functional groups have eliminated or induced ring-opening reactions650

the carbon framework is gradually decomposed by the oxygen species present in651

the combustion atmosphere. One important reaction channel that initiates the break-652

down of aromatic carbon frameworks involves the addition of molecular (Eq. (7.5))653

or atomic oxygen (Eq. (7.6)) to the hydrocarbon system, forming highly reactive654

oxyradicals. Aryl radicals (C.x H.y−1) reacts with molecular oxygen forming oxyl655

radicals (C.x H.y−1O) and highly reactive atomic oxygen:656

.CxHy−1 + O2 → CxHy-1O2 → CxHy-1O + O(3P) (7.5)657

Atomic oxygen (O(.3P)) can add aromatic rings which then rearrange, e.g. by elimi-658

nating atomic hydrogen to oxyl radicals:659

.CxHy + O → CxHyO → CxHy-1O + H · (7.6)660

Figure 7.15 shows for example the reaction energies for the O(.3P) addition at different661

sites in benzo[ghi]perylene.662

The aryl oxyl radicals can subsequently eliminate CO [36] leaving behind a reac-663

tive radical that can react further, e.g. with molecular oxygen. The CO elimination664

can occur in a single-step, as observed in pentacene, or through a multi-step pathway665

via additional intermediates as observed for anthanthrene. The mechanistic details666

for the elimination reaction are influenced by geometric strain and steric effects667

at the various reaction sites in specific PAHs. The geometrical effects significantly668

influence the activation energies of the CO elimination. Due to geometrical strain,669
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Table 7.5 Activation energy ranges in .kJ mol−1 for CO elimination at different site types in
PAHs [36]

Site type .∆E‡/.kJ mol−1

Outer trio 140–162

Outer quartet 170–194

Duo & 2 neighbours 182–220

Inner quartet 189–242

Inner trio 240–257

Solo 304–380

so-called solo sites located in the centre of edges generally exhibit the highest acti-670

vation barriers for CO elimination reactions. Table 7.5 lists an overview of activation671

energies for the time-determining step of the CO elimination.672

Oxygen functional groups (OFGs) are contributing to the decomposition of the673

carbon backbone by increasing the local reactivity. The attack of different radicals674

onto the carbon framework can lead to a distortion of the aromaticity. Commonly,675

the oxidation of two adjacent carbon atoms initiates a C–C bond dissociation which676

then either opens a ring or causes the elimination of a volatile fragment. Figure 7.16677

shows typical ring opening and contraction reactions for aromatic system with oxy-678

gen functionalities. These reactions generate functional groups which react easily679

further with molecular oxygen or different radicals and eliminate CO or CO.2. Also,680

nitrogen functional groups (NFGs) facilitate the decomposition of aromatic carbon681

frameworks. Nitrogen tends to stay carbon-bound throughout the char burnout pro-682

cess and leads to the formation of NO.x precursors that still contain carbon atoms as,683

e.g. CH.2NH, HCN, or CNO.684

Fig. 7.16 Ring opening (1,2) and contraction (3) reactions during char burnout involving radicals
from the combustion atmosphere
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7.4 Conclusion685

During the last two decades, the theoretical modelling of char combustion at the atom-686

istic level has made enormous progress on all scales from the electronic structure up to687

the dynamics of diffusion. The combination of tools specialised for different tasks688

on the various scales allows to study the processes involved in combustion, not only689

with less assumptions and less harsh approximations, but also more systematically690

and with higher accuracy.691

Advanced computational tools have been used to establish an improved workflow692

to generate realistic char models. Since char consists mainly of graphitic carbon693

with a certain stacking of planes, but at the same time having a high defect ratio, a694

computational workflow is needed. This protocol has to adhere to the experimental695

boundary conditions like flake size or stack height, but should on the other hand696

not be restricted to artificial combinations of ideal graphene-like flakes. This was697

achieved by combining different methods and annealing steps. In addition, atomistic698

simulations for idealised model environments, like functionalised graphene slit pores,699

give access to transport properties of volatiles in pressure and temperature ranges700

inaccessible by experiment.701

For an efficient, automatised and as much as possible unbiased reaction discov-702

ery, reactive MD simulations with ReaxFF and GFN-xTB were combined with an703

automatised generation of initial radical sites. This allowed to use more realistic704

temperatures and combustion atmospheres for the MD simulations than in previous705

studies and to avoid unphysical biases, e.g. towards fragmentation reactions because706

of unphysical high temperatures.707

In general, the oxidation of the char model compounds can be divided into ini-708

tiation reactions that generate reactive radical sites aromatic ring structures, and709

subsequent reactions that break-down the ring structures and eventually oxidise the710

fragments to CO, CO.2, and H.2O. The initiation reactions, such as hydrogen abstrac-711

tion from the edge of polyaromatic regions, have high barriers or require highly712

reactive gas-phase radical species like HO.·, H, or O. The so activated structures713

can react with molecular oxygen and other gas species in ring-opening and contrac-714

tion reactions releasing CO and CO.2. Heteroatoms and functional groups increase715

the reactivity of char by reducing the activation barriers for the initiation reactions.716

Nitrogen atoms tend to remain carbon-bound during the initial steps, forming NO.x717

precursors like CH.2NH.2 or HCN. In contrast, sulphur is predominantly eliminated as718

H.ySO.x species. Besides, it was found that carbonyl sulphide (COS) can be released719

from embedded thiophenes. Oxygen-containing groups primarily decompose under720

the release of carbon oxides.721

The decomposition of the carbon backbone begins with the oxidation of edge722

carbon atoms and continues as gradual decomposition from the outer edge to the723

inner core of the hydrocarbon. At the atomistic level, a large variety of reaction724

channels, reaction sites, and a number of volatile reactive radical species is observed725

in the combustion atmosphere that contribute to the char conversion.726

Overall, the electronic structure calculations and molecular dynamics simulations727

provide a detailed atomistic insight into elementary reaction steps and individual728
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contributions to diffusion and sorption processes. This helps to improve the under-729

standing of the physical and chemical processes important for the combustion of730

solid fuels.731

With MD simulations it has been possible to complement experimental measure-732

ments (see Sect. 5.3.2) for diffusion and sorption processes in char to temperature and733

pressure regimes that are difficult to access experimentally. The detailed atomistic734

insight from the simulations can be used to validate for example the assumptions735

made in development of a pore structure dependent adsorption kinetic model (see736

Sect. 5.3.3).737

Similarly, the DFT calculations for the oxidation reactions at char surrogate mod-738

els provide insight into the reaction mechanisms that are often experimentally not739

accessible for complex materials like (bio)char. The level of detail achievable with740

such calculations for elementary reaction steps, implies that for complex solid fuels741

it is not possible to cover all potential reaction channels and predict 1:1 the outcome742

of experimental combustion studies. However, they can complement experimental743

studies by providing atomistic insight into the reaction mechanisms that are difficult744

to obtain or even inaccessible. Most importantly, they provide kinetic data that is745

based on defined molecular compositions and, thus, transferable between different746

solid fuels independent of their origins. Such data is necessary for implementing747

and parameterising comprehensive and seamless char conversion models like the748

CRECK-S models, discussed in Sect. 8.2.3.749
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6 Fig1 Diagram illustrating the 
transformation of stacked 
corrugated surfaces into a 
chemical structure. The process 
begins with blue stacked 
surfaces, transitioning to a 
black mesh-like structure 
labeled "carbon on the 
surfaces, hydrogen 
surrounding." Arrows indicate 
progression to "annealing to 
chemical structure," resulting 
in a denser black form. The 
final step, "removing small 
volatiles and bond saturation," 
shows a more compact 
structure.

8 Fig2 Four 3D plots labeled a) GH15, 
b) GH20, c) GH25, and d) 
Comparison of GH15 and GH25. 
Each plot displays a surface 
with varying elevations, 
represented in blue and green 
shades, indicating different 
data sets or conditions. The 
plots are arranged in a grid, 
with the comparison plot 
showing overlapping data for 
analysis.

8 Fig3 3D protein structure showing a 
sequence of conformational 
changes. The image depicts 
three stages: an initial compact 
form, an intermediate state, 
and a final complex structure. 
Each stage is represented by a 
network of interconnected 
atoms, with red and black 
spheres indicating different 
atomic elements. Arrows 
illustrate the transition 
between stages, highlighting 
the dynamic nature of the 
protein folding process.
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10 Fig4 3D plot depicting a molecular 
structure within a rectangular 
boundary. The structure 
consists of black, red, and 
white spheres representing 
different atoms, arranged in a 
layered pattern. The central 
area shows a cluster of red and 
white spheres, indicating a 
complex molecular interaction. 
The plot illustrates spatial 
relationships and molecular 
organization.

11 Fig5 Plot showing the diffusion 
coefficient of water 
(\(D_{H_2O}\)) in square 
meters per second against 
water concentration 
(\(c_{H_2O}\)) in moles per liter 
on a logarithmic scale. Multiple 
lines represent different 
conditions: hydrogen (H) and 
carboxyl (COOH) groups at 
varying distances (5 Å, 14 Å, 
100 Å) and orientations (x, y). 
The legend differentiates these 
conditions with distinct colors 
and line styles.

12 Fig6 Flow chart illustrating a 
scientific process for analyzing 
chemical reactions. It begins 
with a "Reactive simulation" 
leading to "Identify reactive 
events" from a "Trajectory." 
This information is stored in a 
"Database" and undergoes 
"Geometry optimisation." The 
process involves "Calculation of 
reaction energies and rate 
constants" with three levels of 
refinement: "Initial DFT 
refinement," "More accurate 
DFT for structures," and "CC for 
final energies." The chart 
includes molecular structures 
labeled as "Edact," "Reaction," 
and "Product," and a graph 
titled "Quantum chemistry" 
showing energy changes over a 
reaction coordinate.
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13 Fig7 Flow chart illustrating a 
reaction process over time. The 
chart shows a sequence of 
molecular structures 
transitioning from an initial 
state (Ed) through a transition 
state (TS) to a product state 
(Pr). A red line marks the 
reaction event. Arrows indicate 
steps forward and backward, 
labeled as \(N_{\text{large}}\) 
steps forward and 
\(N_{\text{small}}\) steps 
backward. The timeline is 
denoted by "Time \(t\)" at the 
bottom.

18 Fig8 Chemical structure diagram 
showing two hexagonal ring 
compounds with various 
substituents. Each structure is 
labeled with values for \(E_A\) 
and \(E_R\) at different 
positions around the rings. The 
left structure has values such as 
\(E_A = 32.5\), \(E_R = 15.6\), 
and the right structure includes 
values like \(E_A = 33.3\), \(E_R 
= 16.3\). The diagram highlights 
differences in energy values at 
specific positions on the rings.

18 Fig9 A 3D plot depicting a spherical 
space filled with variously sized 
red and blue spheres, 
representing data points or 
particles. The background is a 
light purple, providing contrast 
to the spheres. The distribution 
of spheres appears random, 
suggesting a simulation or 
model of particle dispersion 
within a defined volume.

19 Fig10 Diagram illustrating chemical 
reactions involving pyrrole in 
two different processes: xTB 
nano-reactor and ReaxFF. The 
xTB nano-reactor process 
shows pyrrole reacting with 
hydroxyl radicals, forming 
intermediates and leading to a 
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final product with a hydroxyl 
group. The ReaxFF process 
depicts a similar reaction 
pathway. Initial products 
include nitrile and carbonyl 
compounds. Labels include 
"Pyrrole," "HyATraX," "xTB 
nano-reactor," "ReaxFF," and 
"Initial products." Arrows 
indicate reaction progression.

20 Fig11 Chemical structure diagram 
showing a polycyclic aromatic 
hydrocarbon with labeled 
regions. The structure includes 
multiple hexagonal rings. 
Labeled areas include 
"armchair bay region," "free 
edge outer quartet," "free edge 
inner quartet," "fjord region," 
"outer trio," "inner trio," "zig-
zag edge solo," and "K-region 
duo." Dotted lines and circles 
highlight specific structural 
features.

21 Fig12 Chemical structure diagram 
showing a series of organic 
compounds with hydroxyl (OH) 
and carboxyl (COOH) groups. 
The structures are arranged in 
two rows, with arrows 
indicating transformations 
between them. Numerical 
values, such as -94.8, -67.1, -
113.3, -62.8, -133.0, and -116.6, 
are associated with each 
transformation, possibly 
representing energy changes or 
reaction conditions. The 
diagram illustrates chemical 
reactions and structural 
changes.

21 Fig13 A reaction energy diagram 
showing the transformation of 
chemical structures along a 
reaction coordinate. The y-axis 
represents relative energy in 
kJ/mol, and the x-axis 
represents the reaction 
coordinate. The diagram 
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includes several chemical 
structures with energy values: 
starting at 0.0, then -42.3, -23.5 
at the transition state (TS), -
66.8, and finally -257.2. The 
process involves the addition of 
OH and removal of H2O, CO2, 
and O2 at different stages. The 
structures are depicted with 
hexagonal rings, indicating 
aromatic compounds.

22 Fig14 Chemical reaction diagram 
showing a series of 
transformations involving 
sulfur-containing compounds. 
The sequence includes various 
chemical structures with sulfur 
atoms, such as thiols, 
sulfoxides, and sulfones. 
Arrows indicate the direction of 
reactions between these 
compounds. The diagram 
illustrates the conversion 
processes and intermediates in 
sulfur chemistry.

23 Fig15 Chemical structure diagram 
showing a polycyclic aromatic 
hydrocarbon composed of five 
interconnected hexagonal 
rings. Each ring contains 
alternating single and double 
bonds. Numerical values, such 
as -58.5, -107, and -109, are 
labeled around the structure, 
indicating specific properties or 
measurements related to each 
hexagon.

24 Fig16 Diagram showing three 
chemical reaction sequences 
involving aromatic compounds. 
\\n\\n1. The first sequence 
depicts an aromatic compound 
with hydroxyl and methyl 
groups reacting with oxygen 
and hydroperoxyl radicals, 
resulting in a compound with 
an aldehyde group.\\n2. The 
second sequence shows a 
similar aromatic compound 
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reacting with oxygen and 
hydroperoxyl radicals, forming 
a compound with a ketone 
group.\\n3. The third sequence 
illustrates an aromatic 
compound undergoing a 
reaction to form a cyclic 
compound with a carbonyl 
group, followed by the release 
of carbon monoxide.\\n\\nEach 
sequence highlights structural 
changes in the chemical 
compounds.
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