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Abstract

The kinetics of low-temperature oxidation of a synthetic carbon black material, i.e. Printex-

U, by gaseous oxygen is modeled via conventional mean-field treatment of various detailed

reaction schemes as well as lumped models. The significance of different elementary steps is

elucidated by comparing predicted CO and CO2 formation during temperature programmed

and isothermal carbon oxidation with the corresponding experimental data. In specific the

connection between oxidation rate and surface coverages of reaction intermediates is demon-

strated. The results suggest that activation of the carbon surface by oxygen adsorption is a

key-step for further carbon oxidation and that gas phase oxygen plays a direct role in the for-

mation of CO and CO2. Furthermore, the results suggest that Printex-U is preferably modeled

as spherical shaped particles, especially at high conversion stages.

Introduction

The elementary reactions of oxidation of solid carbon materials are central in particulate emission

control from combustion engines1–3 as well as in energy conversion of coal and biomass.4 In prac-

tice, the reactivity towards oxidation of a carbon material is complex, depending on material prop-

erties like the chemical composition with the chemical functional surface groups as of particular
⇤To whom correspondence should be addressed
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importance,5–8 and physical structure, e.g., size distribution,9 porosity10 and crystallinity.3 In ad-

dition, the reactivity of a certain carbon material usually changes with progressing oxidation.11–15

In order to, at least partly, overcome this complexity, fundamental studies are often carried out

with more homogeneous carbon materials like Printex-U.15–17 Printex-U is an industrially pro-

duced carbon black material1 consisting of carbon particles with a diameter of about 25 nm and a

BET surface area of about 100 m2/g and has been considered relevant for mimicking real diesel

soot.15,16

In the open literature, the majority of the kinetic models of carbon oxidation are based on global

kinetics usually expressed as;

rate = Ntotk(T ) f (pO2 , pH2O, ...) (1)

where Ntot is the total number of active sites, k(T ) is the rate constant of Arrhenius type and

f (pO2 , pH2O, ...) is a function which describes the dependence of the reaction rate on the partial

pressures of various reactants.1,15,18 The global kinetic models, as mentioned here, and semi-global

models19 are essentially designed for prediction of carbon consumption. Thus, these models can

not be used to simulate carbon activation mechanisms or reaction selectivity, i.e, the prediction

of formation of gaseous CO and CO2 during progressing carbon oxidation. To facilitate such

simulations the model equations must rely on more detailed reaction schemes, preferably on a

sequence of elementary steps.20 In this study the conventional mean-field treatment of various

detailed reaction schemes is adopted to model the kinetics of low-temperature oxidation of Printex-

U by gaseous oxygen. This approach is analogous with that commonly used for modeling of

heterogeneous catalytic reactions.20,21 Also, different lumped models are considered.

The objective with the present work is to explore mechanistic elementary reaction steps for

low-temperature oxidation of solid carbon by comparisons with experimental data for oxidation

of Printex-U.18,22 Further, the structures of the kinetic models required for description of CO/CO2

selectivity and oxidation maxima as a function of progressing carbon oxidation and temperature
1www.degussa.com
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are discussed.

Carbon-oxygen reactions

Considering oxidation of carbon materials, it is clear that formations of various surface oxide com-

plexes are crucial steps in the detailed reaction scheme. The oxide complexes then transform into

gaseous CO and CO2 via endothermic processes and/or react further with oxygen supplied either

from the gas phase or via the carbon surface. In the open literature, different steps and mechanisms

for formation of surface oxide complexes, CO and CO2 has ben proposed and hereunder some the

most important results are reviewed.

Formation of surface oxide complexes

On the basis of temperature programmed desorption (TPD)23–25 and gravimetric experiments25

it has been concluded that formation of surface oxide complexes at low temperatures occurs via

an initial step involving a molecular surface oxide complex here denoted C(O2). For continuous

oxidation, i.e., temperature programmed oxidation (TPO), of carbon materials, Li et al.26 assumed

an equilibrium between C(O2) and oxygen in gas phase according to

(O2)gas + C f � C(O2) (2)

where C f is a free active site on the carbon surface.23–26 The C(O2), which also is referred to

as stabilised molecular oxygen,27 is metastable and the rearrangement to the more stable atomic

oxygen complex occurs. For this process Ahmed et al.23,24 proposed the following step where

C(O2) slowly transforms into the more stable C(O),

C(O2) + C f ! 2C(O). (3)
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Essenhigh28 proposed for the same rearrangement an equilibrium based on the combination of step

(2) and (3),

(O2)gas + 2C f � 2C(O) (4)

Using a different nomenclature Yang et al. considered the dissociation of oxygen to results in

adsorbed atomic oxygen, denoted with Oads, which then reacts further with carbon from the solid,

denoted C(s), to form adsorbed CO29 according to the equilibrium reaction

Oads + C(s) � COads. (5)

Another approach was used by Lear at al.25 who considered the C(O2) complex to be stabilised by

further reaction with gaseous oxygen forming not only atomic surface oxygen complexes but also,

mainly, gaseous CO2, i.e.,

(O2)gas + C(O2) ! C(O) + (CO2)gas. (6)

It may be appropriate to mention that step (6) is an unbalanced reaction. In the carbon literature

such unbalanced reactions are not rare even though, for several reasons, balanced reactions are

preferable. This is considered in more detail below. The steps (3)-(5) involving transformation of

the metastable complex are all exothermic as more energetically favored structures are formed.25 In

another scenario Tucker et al.30 suggested that oxygen molecules directly react with labile carbon

atoms according to

(O2)gas + 2C f ! C(O) + COgas. (7)
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Formation of CO and CO2

The formation of surface oxide complexes may to some extent involve production of CO and CO2,

cf. step (6) and (7) described above. The main steps, however, for both CO and CO2 formation are

usually considered as decomposition/desorption of surface oxides. Ahmed et al.23,24 considered

desorption of atomic oxygen complexes as the main route for CO production

C(O) ! COgas + C f . (8)

According to Lear et al.25 TPD experiments of oxygen-preexposed carbon samples support this

step at high temperatures; however, at low temperatures, thermal decomposition of residual C(O2)

complexes into C(O) and COgas as the main gaseous product occurs,

C(O2) ! C(O) + COgas. (9)

Yang et al.29 expressed the formation of carbon monoxide by the CO adsorption-desorption equi-

librium;

COads � COgas. (10)

For CO2 formation it has been debated whether CO2 originates from surface oxide complexes

as described here, in this case CO2 is referred to as a primary product, or from other oxygen

containing species. In the latter case the formed CO2 is called a secondary product. For example

Hayhurst et al.31 suggested that at high temperatures CO may react with species like HO2 and

OH to form secondary CO2. Most authors, however, consider primary CO2 formation as the main

route23–27,32,33 even if the specific mechanisms for decomposition are not fully clear. Walker et

al.32 proposed the following reaction

C(2O) ! (CO2)gas. (11)
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On the basis of isotope labeling studies Vastola et al.33 proposed the reaction between two atomic

surface complexes according to

2C(O) ! (CO2)gas + C f . (12)

This step was suggested also by other authors.23,24,27 In order to account for CO2 production by

other processes than pure desorption of oxygen complexes, Ahmed et al.23,24 complemented step

(9) by adding reaction between gas phase oxygen and C(O),

(O2)gas + C(O) + C f ! (CO2)gas + C(O) + 2C f (13)

and reaction between atomic and molecular surface oxides

C(O) + C(O2) ! (CO2)gas + C(O) + C f . (14)

In a similar attempt to complement step (9) Li et al.26 report the two reactions

C(O) + CO ! (CO2)gas + C f (15)

and

2C(O) + 1/2O2 ! (CO2)gas + C f . (16)

In a very simple step Du et al.34 proposed CO2 formation by direct reaction of gaseous oxygen

with carbon;

(O2)gas + C f ! (CO2)gas. (17)

The steps reviewed above provide a simplistic view on carbon oxidation including the formation
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of surface complexes, CO, CO2 and the role of the active site. The full picture of carbon oxidation

is of course much more complex. As an example one may think of the distribution of the main

decomposition products CO and CO2 during, for example, a TPD experiment indicating a variety

of oxide complexes with different stability, i.e., different sites on the carbon surface form different

oxide complexes with different activation energy for desorption. For example, detailed diffuse

reflectance infrared Fourier transform (DRIFT) spectroscopy experiments8 suggest that CO may

be produced from decomposition of quinone, ether, carbonyl and phenol structures while CO2 is

produced primarily via the decomposition of lactone and carboxylic groups on the carbon surface.

Anhydride groups are suggested to produce both CO and CO2. To account for this is however

beyond the scope of the present paper.

Description of experiments

As a basis for analysis and validation of the different models formulated hereunder experimental

data for the oxidation of Printex-U with oxygen described in detail by Wang-Hansen et al.18 is used

for comparison. A short description of the experimental approach is given here. Wang-Hansen et

al.18 recently developed a methodology involving careful consideration of sample preparation, re-

actor design and experimental procedures for analysis of the kinetics of gas-solid reactions in a

broad context. Specifically the global kinetics of oxidation of Printex-U was studied. By a well-

controlled solvent-free technique, Printex-U was deposited onto cordierite monolith substrates

such that the oxidation process of Printex-U could be studied in a continuous gas flow reactor

in the absence of diffusion limitations, temperature gradients, and hot zones. Thus the experimen-

tal data is highly reliable and serves as a reliable reference in this work. Temperature-programmed

oxidation (TPO) experiments and isothermal oxygen step-response (SR) experiments were per-

formed. The oxidation experiments were conducted at various levels of oxygen using a total gas

flow of 1500 mL/min (NTP) corresponding to a space velocity of about 12000 h�1. For the TPO

experiments the sample temperature was first increased rapidly from room temperature to 100 �C
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and then linearly increased at a rate of 5 �C/min to 750 �C. No sample pretreatment was used in

order to avoid possible desorption of volatile species34,35 and restructuring and/or partial gasifica-

tion of Printex-U. The oxygen SR experiments were conducted at three temperatures for various

oxygen levels. The temperatures were chosen as to achieve detectable amounts of formed CO and

CO2, while also maintaining differential operation. In contrast to the TPO experiments, the SR

experiments were conducted with samples that had been pretreated for 10 min in N2 at 700 �C to

obtain a consistent initial condition. The results from both the TPO and SR experiments with 2

vol.-% O2 is used throughout this study.

Mean-field kinetics of carbon oxidation

Construction of detailed kinetic models requires detailed reaction schemes preferably consisting of

chemical elementary steps. Thus, a nomenclature analogous to conventional mean-field treatment

of heterogeneous catalytic reactions with solid catalysts is used for the description of an active

site, here denoted s, and the rates of individual reaction steps. As an example, this means that

a molecular oxide complex is denoted (O2)ads instead of C(O2) as used by others (see above).

The present nomenclature facilitates the description of adsorption-desorption and reaction rates

in terms of vacant sites and surface coverages, and conservation of active sites in each step is

more clear. The latter is of course an approximation, however, to justify this approach one may

recall that one turnover of a reaction or reaction scheme is a microscopic event corresponding

to an infinitesimal small change in macroscopic variables, i.e., CO and CO2 concentration and

carbon mass. The connection between surface kinetics and carbon mass is described in detail

in the Appendix. To facilitate the comparison with the experimental data, the kinetic models

are implemented in a software package, designed for simulation of mass and heat transport and

detailed reaction kinetics in monolith structures, and is described elsewhere.36 However, the use

of rigorous mass and heat transport models are not crucial in the present work as the experiments

to be mimicked were carried out in the absence of diffusion limitations,18 but is included rather for
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generality.

Elementary step models

One of the simplest sequences of elementary reaction steps describing the oxidation of solid carbon

by oxygen into gaseous CO and CO2 is;

(O2)gas + 2s ! 2Oads (18)

Oads + C ! COads (19)

COads ! COgas + s (20)

2COads ! (CO2)gas + C + 2s (21)

where the indices "gas" and "ads" denote gas phase and adsorbed species, respectively, C is a

surface carbon atom and s is an active site on the carbon surface. In this mechanism the sites

are presumed to be of the same type. Furthermore oxygen is assumed to adsorb dissociatively

occupying two active sites by formation of chemisorbed O atoms (step(18)), chemisorbed O may

react with carbon from the solid to form adsorbed CO (step (19)) that may desorb (step (20)) or

react further with another COads to form CO2, which immediately desorbs leaving one carbon to

the solid and two free active sites (step (21)). The last step implies that formation of (CO2)gas

can not be poisoned by CO. In this mechanism all steps are consecutive except steps (20) and

(21), which may occur in parallel. Studies on oxygen surface diffusion show that diffusion of Oads

species is appreciable on both graphitic37,38 and polycrystalline39 carbon surfaces. On the basis

of mean-field theory one may thus to a good approximation express the reaction probabilities in

terms of (average) surface coverages. The corresponding mean-field kinetic equations (Model 1)

for steps (18)-(21) thus are;

dqO

dt
= 2k18 pO2s0

O2
(1�qO �qCO)

2 � k19qO (22)

dqCO

dt
= k19qO � k20qCO �2k21q 2

CO (23)
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where k18 � k21 are the rate constants of Arrhenius type, i.e., ki = ni exp[�Ei/(RT )] (here n18 pO2

is the impingement rate (F) in line with collision theory of gases) for the reaction steps (18)-(21)

and qO and qCO are the O and CO coverage, respectively. The oxygen partial pressure is denoted

with pO2 and s0
O2

is the oxygen sticking coefficient on a bare carbon surface. The latter is included

for the sake of completeness. As robust data on sticking probabilities is rare, s0
O2

⌘ 1 is used

throughout this study. The values for the kinetic parameters are summarised in Table 1. In Eq.

(22) conventional mean-field treatment for dissociative adsorption of oxygen has been employed.

Moreover, the last term presumes no need for vacant carbon sites to convert Oads into COads as

here, adsorbed oxygen reacts directly with the carbon site. This formalism implies a simultaneous

creation of a new site for the COads species.

Alternatively, CO2 production may occur via reaction between COads and Oads instead of via

step (21), viz.;

COads + Oads ! (CO2)gas + 2s (24)

The main difference compared to the previous reaction scheme is that here, the formation of

gaseous CO2 may be limited by either CO or O coverage. In this case (Model 2) the last term

in Eq. (23) is replaced with k24qCOqO;

dqCO

dt
= k19qO � k20qCO � k24qCOqO. (25)

In principle, these elementary four-step mechanisms contain all necessary characteristics to sim-

ulate the evolution of CO and CO2 during temperature programmed oxidation (TPO) of carbon

materials.

In Figure 1 the results of calculations of TPO of Printex-U based on Eqs. (22) and (23) together

with experimental data18 are shown. The corresponding results based on Eqs. (22) and (25) are

displayed in Figure 2. As can be seen both models reproduce the experimental results with roughly

the same accuracy. In both cases, the O coverage starts to build up below 450 �C, reaches a
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maximum at around 560 �C and then declines during CO and CO2 production. The evolution of

the CO coverage is somewhat different in the two cases due to the different mechanisms for CO2

production. One may notice that complete consumption of carbon occurs at around 700 �C, carbon

mass is zero, and thus the corresponding coverages has no physical meaning for this period. It is,

based on the results presented in Figure 1 and Figure 2, not possible to judge weather CO2 may

be produced from reaction between two adsorbed CO species or one CO and one O species. As

mentioned above other reaction schemes, although not formulated as strictly as here, have also

been used with similar qualitative results. For example, one may construct an even simpler model

based on step (18) and the two following steps;

1/2(O2)gas + C Oads���! COgas (26)

(O2)gas + C Oads���! (CO2)gas (27)

The steps (26) and (27) are analogous to step (13) proposed by Ahmed et al.23 As the steps (26)-

(27) in this scheme are not elementary, the physical interpretation of the reaction mechanism is not

straightforward. For example step (26) includes both O+C reaction and CO desorption. Moreover

both (O2)gas and Oads are involved in the O+C reaction. Here, it is not clear whether carbon reacts

with oxygen already adsorbed on the carbon surface under the influence of gas phase oxygen or if

the carbon reacts with gas phase oxygen under (catalytic) influence of adsorbed oxygen. The latter

interpretation is assumed as indicated by the nomenclature. The corresponding reasoning for the

formation of (CO2)gas is analogous. Considering product selectivity the main difference compared

to the previous four-step models is that (CO2)gas is formed directly and not via formation of CO.

The mathematical description (Model 3) of this reaction scheme is based on a simplified expression

for calculation of the oxygen surface coverage, i.e.;

dqO

dt
= 2k18 pO2s0

O2
(1�qO) (28)
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The reaction rates for (CO)gas and (CO2)gas formation are then given by;

rCOgas = k26 pO2qO (29)

r(CO2)gas = k27 pO2qO (30)

Despite the low complexity and mathematical simplicity, which facilitate shorter simulation times,

this model can be used with at least the same accuracy as the previous four-step models. Thanks

to preservation of Oads during (CO)gas and (CO2)gas formation, i.e., oxygen coverage is increasing

monotonically (cf. Figure 3), the model parameters can be somewhat easier to tune although the

model seems to be more sensitive to actual parameter values (see sensitivity analysis below).

From the results described so far one may conclude that a TPO experiment alone is insufficient

for elucidating detailed reaction schemes as proposed by some authors.26 One reason for this is

that in TPO experiments, temperature and carbon mass change simultaneously. To overcome this

difficulty one can use either a series of TPO experiments with different temperature ramp speeds

or oxygen step-response experiments at isothermal conditions as shown in, for example, Figure 4.

Here, the latter approach is used where a stepwise increase in oxygen concentration is performed

at t=1 min and the responses in (CO)gas and (CO2)gas outlet concentrations are measured. As can

be clearly seen, the (CO)gas concentration passes through two maxima during the experiment. One

sharp peak during approximately the first minute followed by another broader maximum. The

initial peak reaches fairly the same level for the three temperatures, i.e., 580, 605 and 630�C, while

the second maximum is clearly temperature dependent reaching higher levels as temperature is

increased. The corresponding results for (CO2)gas is analogous. These results are discussed in

more detail by Wang Hansen et al.18

At this point the underlying mechanisms are not clear, however, to facilitate the development

of a plausible model structure a few different scenarios may be addressed. In scenario I the initial

sharp peak is ascribed to highly reactive oxygen species, for example such species my originate

from OH groups or adsorbed water, being rapidly consumed as oxygen is introduced. The second
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maximum is then due to a slow activation of the carbon surface by the build up of O coverage. The

second scenario implies that the carbon material contains some minor amounts of highly reactive

(labile30) carbon species that is rapidly consumed as oxygen is introduced and, again, the second

maximum is due to activation of the reminder of the carbon mass by a slow build up of Oads species.

The latter scenario requires a model with two types of sites analogous with models previously

proposed by Ahmed et al.23

Models including reactive oxygen species (scenario I)

The first model to address scenario I is based on the previous three-step model with the addition

of two steps for formation (CO)gas and (CO2)gas from reactive oxygen species, here denoted O⇤
ads,

viz.;

1/2(O2)gas + O⇤
ads + C ! COgas + Oads (31)

1/2(O2)gas + O⇤
ads + C ! (CO2)gas + s (32)

The corresponding equations (Model 4) describing the O and O⇤ surface coverages and (CO)gas

and (CO2)gas production are;

dqO

dt
= 2k18 pO2s0

O2
(1�qO �qO⇤)2 (33)

dqO⇤

dt
=�k31 pO2qO⇤ � k32 pO2qO⇤ (34)

rCO = k26 pO2qO + k31 pO2qO⇤ (35)

rCO2 = k27 pO2qO + k32 pO2qO⇤ (36)

As the equations are analogous to the previous case no further interpretation is performed here.

One may mention, however, that an assumption on the initial coverage of O⇤ species is necessary

to reproduce the initial sharp peak. It turned out that with increasing temperature a lower initial

coverage is needed to achieve reasonable results. Given that the original carbon samples are similar
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this trend is intuitively reasonable as reactive species to a larger extent may decompose at the higher

temperatures.

In Figure 4 the results from this model together with experimental data are displayed. The gen-

eral behavior with one sharp peak followed by a broader maximum in both (CO)gas and (CO2)gas

is relatively well reproduced at all three temperatures. It is clear that the sharp peak origins from

the more reactive oxygen species, the coverage of O⇤ species immediately starts to decrease when

oxygen is introduced a t=1 min. The broader maximum is then composed by the the build up of

Oads as active sites become accessible via step (32), increasing (CO)gas and (CO2)gas formation,

and carbon consumption during progressing oxidation, decreasing (CO)gas and (CO2)gas forma-

tion. Even though this lumped model gives reasonable results, it is interesting to study elementary

reaction schemes including Oads and O⇤
ads species. It turns out that neither the reaction steps (18)-

(21) nor (18)-(19)+(21), both in combination with steps (26) and (27), can reproduce the isothermal

experiments satisfactorily. For example the production of (CO2)gas is much lower than observed

experimentally due to, in the former case, a too low CO coverage and, in the latter case, a too

low oxygen coverage. As an increase of the respective rate for formation of COads and Oads in

the two cases would lead to dynamic mismatch (a too narrow second peak) the situation can only

bee achieved by increasing the number of sites, i.e. reduce the initial diameter of the carbon par-

ticles. However, to approach the experimental observations a decrease of the particle diameter of

the order of one to two orders of magnitude is necessary, which is not realistic. For this reason

an alternative lumped reaction scheme is adopted. Here, steps (18), (19), (31) and (32) are used

together with the following two steps;

1/2(O2)gas + COads ! COgas + Oads (37)

(O2)gas + COads ! (CO2)gas + Oads (38)

In this reaction scheme gas phase oxygen is addressed to react with COads to form (CO)gas (step

(37)) and/or (CO2)gas (step (38)) in both cases preserving Oads. The corresponding equations
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(Model 5) used to describe this reaction scheme are;

dqO

dt
= 2k18 pO2s0

O2
(1�qO �qO⇤ �qCO)

2 � k19qO + k31 pO2qCO � k32 pO2qCO (39)

dqCO

dt
= k19qO � k31 pO2qCO � k32 pO2qCO (40)

dqO⇤

dt
=�k31 pO2q ⇤

O � k32 pO2qO⇤ (41)

With suitable parameter values the O and CO coverages are appreciable facilitating sufficient

(CO)gas and (CO2)gas formation with reasonable dynamics, cf. Figure 5. As can be seen the

general behavior is well reproduced and both the sharp and broad maximum are in good agree-

ment with the experimental results. However, as the two models both predict reasonable formation

of (CO)gas and (CO2)gas a clear distinction is difficult without further experimental support. Thus

it would be interesting to try to spectroscopically distinguish between Oads and COads to scrutinize

the mechanisms.

A model including reactive carbon species (scenario II)

To mimic scenario II a model based on presuming two types of sites to mimic the presence of two

types of carbons with different reactivity, i.e., the type of carbon that has been treated so far and

a small proportion of highly reactive carbons, is employed. This model is constructed simply by

using steps (18), (26) and (27) for the more abundant carbon (C) and an analogous sequence of

steps for the highly reactive carbon here denoted with C⇤, i.e.;

(O2)gas + 2s⇤ ! 2Oads,s⇤ (42)

1/2(O2)gas + C⇤ Oads,s⇤����! COgas (43)

(O2)gas + C⇤ Oads,s⇤����! (CO2)gas (44)
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where s⇤ denotes the sites on the more reactive carbon. The corresponding kinetic equations

(Model 6) are;

dqO

dt
= 2k18 pO2s0

O2
(1�qO) (45)

dqO,s⇤

dt
= 2k42 pO2s0

O2

�
1�qO,s⇤

�
(46)

rCO = k26 pO2qO + k43 pO2qO,s⇤ (47)

rCO2 = k27 pO2qO + k44 pO2qO,s⇤ (48)

The results shown in Figure 6 are similar to the results from the first model with reactive oxygen

species, i.e, steps (33)-(36). The main difference is that here, the (CO)gas production is the sum

of the respective non-competitive reactions occurring on the two types of carbons. The case of

(CO2)gas formation is analogous. In the former cases Oads and O⇤
ads compete for the same type

of sites and thus the net (CO)gas and (CO2)gas formation is not a simple superposition of carbon

consuming reactions but rather related to changes in the respective surface coverage.

Parameter analysis

Hitherto, the results have been discussed mainly in terms of reaction steps/schemes forming the

structural basis of the models. As discussed above, to obtain a good fit, the structures of the

models are here at least as important as the actual values of the kinetic parameters. Although a full

statistical parameter analysis is beyond the present scope, it is appropriate to briefly comment on

the employed activation energies. Also it is appropriate to pay some attention the sensitivity of the

derived models and the assumptions of the initial shape, size and size distribution of the carbon

spherules.

16



Activation energies and their influence on the (CO)gas formation

Based on a global kinetic model where the (CO)gas and (CO2)gas formations were considered

as separate reactions Wang-Hansen et al.18 found that the activation energy for the formation

of (CO)gas and (CO2)gas at low conversions is about 155 and 110 kJ/mol, respectively. During

progressing oxidation the activation energy for (CO)gas formation decrease to about 130 kJ/mol

while the activation energy for (CO2)gas formation is fairly constant. In the present work the

corresponding activation energies are generally somewhat higher. For example for Model 3 the

activation energy for (CO)gas and (CO2)gas formations is 178 and 144 kJ/mol, respectively, which

correspond well with previous observations by Neeft et al.,15 for a review see Refs. 2 and 3

and references therein. The values obtained for Models 4-6 is similar, see Table 1. The trend with

higher activation energy for formation of (CO)gas than for (CO2)gas corresponds well with previous

results.18 Also, the activation energy for desorption of CO is higher than for oxygen adsorption

in correspondence with previous data.19 It should be mentioned that a variation in the activation

energies for the detailed models as compared to global models is expected as the estimation of the

activation energies are dependent on the assumed mechanisms. Also, in the global model,18 the

kinetic parameters are conversion dependent. Another important aspect is the assumption on the

initial shape, size and size distribution of the carbon spherules as this significantly influences the

overall carbon oxidation and thus also the obtained kinetic parameters in a fitting procedure (see

below).

To roughly analyse the sensitivity of the derived models the temperature shift for the peak pro-

duction of (CO)gas during TPO as a function of a change in various parameters is investigated.

This is performed for Models 1-3. It is clear that Models 1 and 2 show similar sensitivity towards

the changes in parameter values except for the case where the activation energy for the (CO)gas

formation is changed, for which Model 2 is less sensitive. Moreover, Model 3 that relies on fewest

chemical steps, is generally more sensitive. Model 1 and 2 are most sensitive to a change in the

activation energy for formation of adsorbed CO, while Model 3 is more sensitive to the corre-

sponding change in activation energy for the formation gaseous CO. This is of course due to that
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in Model 3, the formation of adsorbed and gaseous CO are lumped into the same step.

Influence of carbon spherule shape and size on overall oxidation kinetics

It has been shown that the shape and size distribution of carbon spherules may influence the over-

all kinetics of carbon oxidation appreciably.9 Therefore, a comment based on Model 3 and the

assumption that carbon spherules oxidise from the periphery to the center, is made here. Figure 7

shows the evolution of (CO)gas predicted for carbon samples with different initial diameter (5, 15,

25, 50 and 100 nm) of either mono-sized spherical (top panel) or disc-like (bottom panel) carbon

spherules. It is clear that the maximum (CO)gas formation rate is significantly shifted towards

higher temperatures for both spherical and disc-like spherules as the spherule size is increased and

that for disc-like spherules, the (CO)gas concentration drops more quickly after maximum (CO)gas

formation. The former is due to the decreased number of sites (per mass carbon) with increasing

diameter leading to a corresponding decrease in reaction rate. Here, however, this is not crucial as

a possible error in initial diameter only systematically would influence the values of the frequency

factors as the models are fitted against the same experimental data and the initial diameter has

been fixed to the same value in all simulations. However, one should keep in mind that activation

energies may be correlated with frequency factors and thus assumptions on size and shape may

influence the obtained activation energies to some extent. Considering the shape of the spherules,

the results of the TPO indicate that Printex-U is preferably modeled as spherical particles. The

drop in (CO)gas concentration after the maximum is in better agreement with experimental obser-

vations. The results (not shown) for isothermal oxidation are analogous, i.e, the decay in (CO)gas

and (CO2)gas concentrations after the second maximum is in better agreement with experiments

using spherical shaped spherules. This is in line with previous experimental results showing that

the global reaction order approaches 0.7 at high conversions.18
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Concluding remarks

Conventional mean-field treatment of reaction kinetics can be used to explore different mecha-

nistic elementary reaction steps involved in oxidation of solid carbon by oxygen. By addressing

various reaction schemes and corresponding kinetic equations, in some cases with lumped steps,

the evolutions of (CO)gas and (CO2)gas during temperature programmed and isothermal oxidation

of Printex-U have been simulated. By comparing the results with the corresponding experimental

data, the significance of different key-steps and model structures have been elucidated. In spe-

cific, the connection between oxidation rate and surface coverages of reaction intermediates has

been demonstrated. The results suggest that activation of carbon surface by oxygen adsorption

is a crucial step for further carbon oxidation and that gas phase oxygen plays a direct role in the

(CO)gas and (CO2)gas production. Further Printex-U is preferably modeled as spherical particles,

especially at high conversion stages. However, it is clear that the present elementary step mod-

els can not explain the isothermal oxidation experiments completely. Additional characterization

experiments, including in situ spectroscopy and microscopy methods, would likely be valuable as

to distinguish between different surface oxide complexes, i.e., Oads and COads, and thereby dis-

criminate different kinetic models as well as explore other surface species involved in the carbon

oxidation process.
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To calculate the number of active sites (ns) the following procedure is adopted. First the the num-

ber of carbon spherules (ncs) is estimated assuming spherical shape with a diameter of 25 nm.

Based on this, the spherule diameter (d) during progressing oxidation is calculated from the actual

carbon mass (m) via d = [6m/(ncsrp]1/3 where r is the spherule density. The ns is then calculated

by pd2ncs/(aNA), where a is the area of an active site (here 8 Å2 is used12) and NA is the Avogadro

number.

The coupling between the microkinetics and carbon mass is then described by the differential

equation;

1
M

dm
dt

=�Âri

where M is the carbon molar mass and ri is the reaction rate for reaction i.
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Table 1: Overview of the investigated models and the corresponding Arrhenius parameters, i.e.,
frequency factors and activation energies, for the rate constants of the individual elementary steps.
The frequency factor for oxygen dissociation is defined as the impingement rate in line with colli-
sion theory of gases and is denoted F.

Step Frequency factor (n) Activation energy, Ea (kJ/mol)
Model 1
(O2)gas + 2s ! 2Oads (18) F 142
Oads + C ! COads (19) 5e9 197
COads ! COgas + s (20) 8e12 197
2COads ! (CO2)gas + C + 2s (21) 3e15 182

Model 2
(O2)gas + 2s ! 2Oads (18) F 142
Oads + C ! COads (19) 5e9 200
COads ! COgas + s (20) 1.5e11 198
COads + Oads ! (CO2)gas + 2s (24) 4e10 188

Model 3
(O2)gas + 2s ! 2Oads (18) F 157

1/2(O2)gas + C Oads���! COgas (26) 6e4 178

(O2)gas + C Oads���! (CO2)gas (27) 3e2 144

Model 4
(O2)gas + 2s ! 2Oads (18) F 157

1/2(O2)gas + C Oads���! COgas (26) 6e4 178

(O2)gas + C Oads���! (CO2)gas (27) 3e2 144
1/2(O2)gas + O⇤

ads + C ! COgas + Oads (31) 5e4 170
1/2(O2)gas + O⇤

ads + C ! (CO2)gas + s (32) 5e2 140

Model 5
(O2)gas + 2s ! 2Oads (18) F 158
Oads + C ! COads (19) 3e9 185
1/2(O2)gas + O⇤

ads + C ! COgas + Oads (31) 4e4 178
1/2(O2)gas + O⇤

ads + C ! (CO2)gas + s (32) 2e2 144
1/2(O2)gas + COads ! COgas + Oads (37) 5e4 170
(O2)gas + COads ! (CO2)gas + Oads (38) 5e2 140

Model 6
(O2)gas + 2s ! 2Oads (18) F 157

1/2(O2)gas + C Oads���! COgas (26) 6e4 178

(O2)gas + C Oads���! (CO2)gas (27) 3e2 144
(O2)gas + 2s⇤ ! 2Oads,s⇤ (42) F 120

1/2(O2)gas + C⇤ Oads,s⇤����! COgas (43) 1e5 170

(O2)gas + C⇤ Oads,s⇤����! (CO2)gas (44) 1e3 140
23



Table 2: Summary of sensitivity analysis of various parameters for the three models used to mimic
the temperature programmed oxidation experiments described in Ref. 18.

Elementary step Parameter Change Shift of (CO)gas peak position (�C)
Model 1 Model 2 Model 3

Oxygen dissociation pO2 +20% -2 -2 -6
" " +5% -2 0 -2
" " -5% 0 0 2
" " -20% 2 5 10
" E18 +5% 14 14 14
" " -5% -10 -10 -4
(CO)ads formation E19 +5% 30 34 -
" " -5% -24 -30 -
(CO)gas formation E20 +5% 12 6 -
" " -5% -10 -4 -
" E26 +5% - - -24
" " -5% - - -26
(CO2)gas formation E21 +5% -6 - -
" " -5% 6 - -
" E24 +5% - -4 -
" " -5% - 4 -
" E27 +5% - - 6
" " -5% - - -10
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Figure 1: Temperature programmed oxidation of Printex-U using 2% O2 in N2 at a total flow of
1500 ml/min and a temperature ramp of 10 �C/min. The 5 and } indicate experimental data
points. The calculations are based on Eqns. (22) and (23), which rely on the elementary steps
(18)-(21), with the Arrhenius parameters for the rate constants given in Table 1.
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Figure 2: Temperature programmed oxidation of Printex-U using 2% O2 in N2 at a total flow of
1500 ml/min and a temperature ramp of 10 �C/min. The 5 and } indicate experimental data
points. The calculations are based on Eqns. (22) and (25), which rely on the elementary steps
(18)-(20) and (24), with the Arrhenius parameters for the rate constants given in Table 1.

1.0

0.5

0.0

 O
 c

ov
er

ag
e

700600500
Inlet gas temperature [°C]

400

300

200

100

0

Co
nc

en
tra

tio
n 

[p
pm

] 6

4

2

0

Carbon m
ass [m

g]

CO 

carbon mass

CO2

Figure 3: Temperature programmed oxidation of Printex-U using 2% O2 in N2 at a total flow of
1500 ml/min and a temperature ramp of 10 �C/min. The 5 and } indicate experimental data
points. The calculations are based on Eqns. (28)-(30), which rely on the elementary steps (26)-
(27), with the Arrhenius parameters for the rate constants given in Table 1.
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Figure 4: Isothermal oxidation of Printex-U introducing a stepwise change from 0 to 2% O2 at
t=1 min at a total flow of 1500 ml/min. The 5 and } indicate experimental data points. The
calculations are based on Eqns. (33)-(35), which rely on the elementary steps (18), (26), (27), (31)
and (32), with the Arrhenius parameters for the rate constants given in Table 1.
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Figure 5: Isothermal oxidation of Printex-U introducing a stepwise change from 0 to 2% O2 at
t=1 min at a total flow of 1500 ml/min. The 5 and } indicate experimental data points. The
calculations are based on Eqns. (33)-(36), which rely on the elementary steps (18), (19), (31),
(32), (37) and (38), with the Arrhenius parameters for the rate constants given in Table 1.
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Figure 6: Isothermal oxidation of Printex-U introducing a stepwise change from 0 to 2% O2 at
t=1 min at a total flow of 1500 ml/min. The 5 and } indicate experimental data points. The
calculations are based on Eqns. (45)-(48), which rely on the elementary steps (18), (26), (27),
(42), (43) and (44), with the Arrhenius parameters for the rate constants given in Table 1.
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Figure 7: Influence of carbon spherule size and geometry on temperature programmed oxidation
of carbon using 2% O2 in N2 at a total flow of 1500 ml/min and a temperature ramp of 10K/min.
The calculations are based on Eqns. (28)-(30), which rely on the elementary steps (26)-(27), with
the Arrhenius parameters for the rate constants given in Table 1.
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