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Abstract
The oxygen bond strength on a catalyst, as measured by the heat of oxygen chemisorption, is
observed to be a very important parameter for the activity of the catalyst in soot oxidation. With
both intimate contact between soot and catalyst (tight contact) and with the solids stirred loosely
together (loose contact) the rate constants for a number of catalytic materials outline a volcano
curve when plotted against their heats of oxygen chemisorption. However, the optima of the
volcanoes correspond to different heats of chemisorption for the two contact situations. In both
cases the activation energies for soot oxidation follow linear Brønsted-Evans-Polanyi relationships
with the heat of oxygen chemisorption. Among the tested metal or metal oxide catalysts Co3O4 and
CeO2 were nearest to the optimal bond strength in tight contact oxidation, while Cr2O3 was nearest
to the optimum in loose contact oxidation. The optimum of the volcano curve in loose contact is
estimated to occur between the bond strengths of α-Fe2O3 and α-Cr2O3. Guided by an interpolation
principle FeaCrbOx binary oxides were tested, and the activity of these oxides was observed to pass
through an optimum for an FeCr2Ox binary oxide catalyst, which exhibited a rate constant at 550 °C
that was 2.3 times higher than the one for pure α-Cr2O3 and 29 times higher than the one for pure
α-Fe2O3.
Keywords: Soot oxidation, oxygen bond strength, heat of chemisorption, volcano curve, BrønstedEvans-Polanyi relationship
1. Introduction
Soot particles in the exhaust from diesel vehicles are likely to cause lung cancer and to affect the
climate both locally and globally [1-6]. The soot particles are therefore typically removed from the
exhaust gas by filtration through a ceramic filter [7-9]. It is necessary with periodic regeneration of
the filter, where the filter temperature is increased, and the soot is oxidized. The growing back
pressure due to the soot deposits and the temperature increase required for filter regeneration are
associated with increased fuel consumption [10]. To limit the increase in fuel consumption it is
desirable to develop soot oxidation catalysts that can lower the regeneration temperature – ideally
down to the typical temperature of the exhaust gas [7, 11]. Here it is a challenge that the
heterogeneously catalyzed soot oxidation is a gas/solid/solid interaction, where the contact between
soot and catalyst is very important for the catalytic activity [12-14]. In tests where soot and catalyst
are crushed together (so-called tight contact), the oxidation occurs at a significantly lower
temperature, than when soot and catalyst are stirred together (so-called loose contact) [12-14]. TEM
studies by Gardini et al. [15] on Ag/soot mixtures have indicated that tight contact corresponds to
an extensive interface between primary particles of catalyst and soot, whereas loose contact
corresponds to fewer contact points at the interface between coagulates of catalyst particles and
coagulates of soot particles. In several experiments [11, 16-20] with oxidation of soot particles
filtered from gas streams by a catalytic filter part of the soot oxidation has been observed to peak at
a relatively low temperature in the range characteristic of tight contact with the catalyst, while
another part of the soot oxidation has been observed to peak at a higher temperature more
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characteristic of loose contact with the catalyst. Hence an understanding of both tight and loose
contact oxidation may be relevant for real filter applications.
To promote the development of improved catalysts that enable soot oxidation to take place at
lower temperatures it is important to identify the parameters that determine the catalytic activity.
The surface area of the employed catalyst is known to be of importance [21-23], but an improved
understanding of the factors determining the intrinsic activity of a catalytic material would be
beneficial. Boreskov and co-workers [24] proposed that for metal oxide catalysts the oxygen bond
strength on the catalyst surface, as measured by the heat of oxygen chemisorption, is a determining
factor for activity in reactions involving oxygen activation. This has been observed to be the case in
oxygen activation reactions such as 16O2/18O2 isotopic exchange [24] and oxidation of CH4 [24],
C3H6 [25], H2 [24-27] and CO [28-30]. The activity in the catalytic oxidation of CO on thin metal
oxide films has also been correlated to the activation energy for oxygen desorption [31], which
scales with the heat of chemisorption. Furthermore, the heat of chemisorption has also been found
to be among the factors that play a role for the selectivity in oxidation of benzaldehyde [32] and
methanol [33]. It is therefore relevant to investigate, if the heat of oxygen chemisorption can
explain the trends in catalytic activity for soot oxidation, and that is the topic of the present work.
2. Materials and methods
2.1 Catalysts used for screening experiments
The catalysts used in the screening studies were bulk metals or metal oxides. In the cases of γFe2O3, α-Fe2O3, V2O5, Au, Pd and Pt commercially acquired samples were used. The suppliers and
purities of the used samples are listed in table S1 in the supplementary information. In the cases of
CeO2, Co3O4, MnOx, ZnO, CuO, Cr2O3 and TiO2 the oxide samples were prepared by flame spray
pyrolysis according to the method described elsewhere [23]. This preparation method results in
highly crystalline non-porous nanoparticles [34]. Catalyst precursors (supplementary information,
table S2) at a total metal concentration of 0.25 M and 2-ethylhexanoic acid (Sigma Aldrich, ≥ 99%)
at a concentration of 1.0 M were dissolved in toluene (Sigma Aldrich, anhydrous, ≥ 99.8%). The
precursor solution was by means of a syringe pump delivered through a capillary (0.4 mm i.d.) into
the flame at a rate of 3 mL/min, dispersed by a 5 NL/min O2 flow and ignited by an annular 1
NL/min CH4, 3 NL/min O2 support flame (with NL referring to 298.15 K and 1 bar). The produced
particles were with the aid of a vacuum pump collected on a water-cooled glass fiber filter
(Whatman GF6, Ø = 240 mm) 45 cm above the burner nozzle. The powder was then sieved to <
600 µm in order to avoid the presence of filter fibers in the product. In the cases of the flame made
chromium and manganese oxides the flame made samples were relatively amorphous, and prior to
use the samples were calcined (2 h 500 °C, 10 °C/min) in order to convert samples into more
crystalline materials identifiable by XRD.
2.2 SiO2 supported Fe-Cr binary oxide catalyst
To investigate the properties of binary oxide catalysts a series of SiO2 supported FexCryOz catalysts
were prepared. SiO2 extrudates (Saint-Gobain, 250 m2/g) were impregnated with an aqueous
solution of Fe(NO3)3·9H2O and Cr(NO3)3·9H2O (Sigma Aldrich) to produce FexCryOz/SiO2 with a
total metal loading of 0.00278 mol/g (15 wt% metal for an FeCrOx/SiO2 catalyst). The impregnated
samples were aged for 2 h and then dried at 110 °C overnight. The dried catalyst precursors were
then calcined in stagnant air for 2 h at 500 °C (ramp: 20 °C/min). Finally the calcined catalysts were
crushed to < 300 µm and then used in the powdered form.
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2.3 Catalyst characterization
The specific surface areas of the catalyst samples were determined by nitrogen adsorption at liquid
nitrogen temperature by means of a QuantaChrome Autosorb iQ2 gas sorption analyzer. The
specific surface area was determined through a 7-point, linear BET plot in the range of p/p0 = 0.05–
0.3. Prior to the BET measurement the sample was dried/degassed in flowing nitrogen at 170 °C for
2 h.
The identities of the various metal or metal oxide catalysts samples were verified by X-ray
diffraction (XRD). XRD was measured with a PANalytical X’Pert PRO diffractometer with a CuKα X-ray source operated at 45 kV and 40 mA and with a Ni-filter and automatic anti-scatter and
divergence slits. Diffractograms were recorded between 2θ = 10° and 2θ = 80° with a step width of
2θ = 0.0130°.
2.4 Catalytic soot oxidation
The catalytic activity in soot oxidation was measured using a flow reactor setup. For the activity
tests soot (~2 mg) and catalyst in a ratio of 1:5 (wt:wt) were stirred together with a spatula (loose
contact) or crushed together for 6 minutes in an agate mortar (tight contact). In a few cases, where
silica supported Fe-Cr binary oxide catalysts were tested, a higher soot:catalyst ratio of 1:10 (wt:wt)
was used due to the lower fraction (15 wt%) of active material in these samples. The soot/catalyst
mixture was transferred to a 7 cm long, 1 cm wide alumina sample holder, which was placed in the
center of a quartz tube (length: 65 cm, inner diameter: 24 mm) within a horizontal, tubular furnace.
The sample was then subjected to a 1 NL/min flow of 10.2 vol% O2 in N2. The feed gases (technical
grade N2 and O2 from AGA A/S) were dosed by means of Bronkhorst EL-FLOW mass flow
controllers. When the sample had been installed in the oven, and once any remnants of air had been
purged from the reactor (once the CO2 signal had fallen below the detection limit) the reactor was
heated at a rate of 11 °C/min to a final temperature of 750 °C. The temperature was monitored by a
type K thermoelement at the external surface of the quartz tube wall. The concentrations of CO and
CO2 in the reactor effluent were monitored continuously using an ABB AO2020 IR gas analyzer
calibrated using a certified CO/CO2/N2 gas mixture from AGA A/S. During the experiments the
levels of CO and CO2 in the effluent stream were in the 0-500 ppmv range, and the oxygen
conversion was thus negligible in the present experiments. For that reason the oxygen concentration
dependence was omitted in the kinetic analyses of the results.
The reactivity of diesel soot can vary widely with parameters such as the engine type [35], the
fuel type [36, 37], the engine load [38, 39] and the presence of catalytically active ash species [40,
41]. Numerous different types of soot are used in the oxidation studies in the literature, and the rate
of catalytic soot oxidation scales with the inherent reactivity of the soot [23]. The soot used in the
experiments was a reference material from NIST: “SRM 2975 Diesel Particulate Matter” (from an
Industrial Forklift). Various characterizations of this carbonaceous material can be found in the
literature [23, 42-44].
2.5 Kinetic analysis
The results have been interpreted in terms of a global kinetic model fitted to the data across the full
conversion range in the temperature programmed reaction tests:
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Where X is the degree of carbon conversion (obtained from numerical integration of the CO and
CO2 signals), k is the rate constant, A is the pre-exponential factor, Ea is the apparent activation
energy, and n is the reaction order in carbon. In this model the catalytic and the non-catalytic
oxidation are treated as two parallel reactions. The kinetic parameters for the non-catalytic reaction,
which are given the subscript “non-cat.” in the equation above, are determined from oxidation
experiments in the absence of a catalyst. The reaction order in carbon was chosen to give the best fit
to the data across all the tested samples (both loose and tight contact). The kinetic parameters are
listed in tables S5-S7 in the supplementary information. The rate constant for the catalytic oxidation
is used as a measure of catalytic activity that is independent of the degree of conversion and, after
appropriate normalization by the surface area, also independent of the surface area of the catalyst.
An evaluation of the present results in terms of the temperature of maximal oxidation rate (the
optimum between the increase in reaction rate with temperature and the decline in reaction rate with
increasing reactant consumption), which is another common measure of activity in soot oxidation,
generally yields the same general conclusions, and such an analysis is provided in the
supplementary information (figures S8-S10).
2.6 Sources for the heat of oxygen chemisorption
The heats of chemisorption employed in this work have been obtained from the literature. For metal
surfaces these values are generally heats of adsorption measured by calorimetry, and for metal
oxides these values are generally heats of desorption determined from desorption data using the
Clausius-Clapeyron equation. The heats of adsorption and desorption should be numerically
identical under the assumption that adsorption and desorption occur by the same mechanism [45].
For metal oxides the heat of oxygen desorption from the surface generally depends strongly on
the coverage. If the surface of an oxide equilibrated in an oxidizing atmosphere is partially reduced
the heat of desorption of the remaining oxygen increases significantly [24, 30]. The presently
employed heats of desorption for metal oxides generally correspond to the most weakly adsorbed
oxygen (the differential heat) on surfaces equilibrated in an oxidizing atmosphere at 500 °C. The
heats of desorption for polycrystalline Co3O4, Fe2O3, Cr2O3 and TiO2 were obtained from Boreskov
et al. [24] while the heats of desorption for polycrystalline CuO and ZnO were obtained from
Marshneva and Boreskov [28]. Isotopic exchange studies have suggested [46] that γ-Fe2O3 and αFe2O3 may differ in terms of the heat of chemisorption, but presently we have tentatively assigned
them the same value, as γ-Fe2O3 has been observed to exhibit an α-Fe2O3-like surface in an
oxidizing atmosphere [47]. In the case of manganese oxide it is difficult to prepare a completely
phase pure sample. We have employed a heat of desorption of 92 kJ/mol reported for Mn2O3 [28].
Very similar values have been reported for other phases such as MnO2 [24] and MnO [45], and the
employed value is therefore expected to be reasonably representative for the manganese oxide
system. The employed heats of desorption for the various metal oxides are in good agreement with
the Brønsted-Evans-Polanyi [48, 49] relationship for isotopic 16O2/18O2 exchange reported by
Boreskov [46]. No direct measurement of the heat of oxygen desorption for CeO2 could be found.
Instead the heat of desorption for CeO2 was estimated from the reported 67 kJ/mol activation
energy in isotopic 16O2/18O2 exchange [50] according to the Brønsted-Evans-Polanyi relationship
obtained by Boreskov [46]. However, it must be added that significant ambiguity exists for
exchange on ceria with reported activation energies in the 67-131 kJ/mol range [29, 50-52]. In the
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case of V2O5 the heat of chemisorption is assumed equal to the desorption activation energy from
Dziembaj [53], but this value must also be regarded with some caution, as there is significant
ambiguity in the literature concerning the heat of oxygen chemisorption on V2O5 with reported
values covering the wide range of 40-250 kJ/mol [24, 28, 53, 54]. These variations have been
ascribed to a strong dependence on the exact stoichiometry of the sample [53] and to the multiple
solid phases in the vanadium-oxygen system, which is a challenge for the measurement of the heat
of desorption [54, 55].
An unresolved question is whether the surface oxygen in metal oxides that is probed by the heat
of chemisorption (which is typically determined by desorption studies) is to be characterized as
lattice oxygen or as adsorbed oxygen or contains contributions from both – something that has also
been discussed elsewhere [54, 56]. Boreskov [56] made the reconciliatory point that for oxides with
a surface composition equilibrated in an oxidizing atmosphere the rate of catalytic 18O2/16O2
exchange is very similar to the rate of isotopic exchange with the oxygen of the oxide. This could
suggest that adsorbed oxygen and lattice oxygen have similar reactivity or that activated,
chemisorbed oxygen can exchange very rapidly with lattice oxygen in the oxide surface [56]. In this
case the heat of oxygen chemisorption should at least be descriptive for both types of species.
Another question has been whether the heat of desorption describes a dissociated or molecular
oxygen species. The best indication of an answer seems to come from the studies of oxygen
desorption from α-Fe2O3 by Yang and Kung [57], which led the authors to conclude that the oxygen
species probed by the presently used heat of desorption [24] was a dissociated species.
For the metals the oxygen binding energy is also highly dependent on the coverage with the heat
of adsorption decreasing strongly with increasing coverage. As the exact coverages at reaction
conditions are not known, heats of chemisorption corresponding to intermediate coverages have
been chosen. For palladium a value of 150 kJ/mol, which corresponds to an intermediate coverage
for both Pd(111) and for 4 nm Pd nanoparticles [58], has been selected. For platinum a heat of
adsorption of 140 kJ/mol has been selected. This value corresponds to a moderately high coverage
on Pt(111) [59, 60] and is reasonably representative for a high coverage on Pt(110) [61]. In the case
of gold the dependence of the catalytic properties on the particle size is well established [62-64].
Saliba et al. [65] summarized the available experimental evidence and came to the conclusion that
dissociative adsorption of oxygen is endothermic on Au(111). Theoretical studies have reproduced
the endothermic dissociative adsorption on Au(111), and have indicated that dissociative adsorption
is almost thermo-neutral on stepped and strained gold surfaces [64, 66, 67]. Presently the oxygen
adsorption on gold is tentatively assigned as thermo-neutral. This is also relatively close to the heat
of decomposition of bulk Au2O3 [68, 69].
3. Results and Discussion
3.1 The materials
The identities of the employed catalytic materials have been verified by XRD. The diffraction
patterns are shown in figures S1-S6 in the supplementary information. The materials are generally
phase pure with the exception of MnOx and to a minor extent TiO2. The MnOx sample shows signs
of several different phases (MnO2, Mn2O3 and Mn3O4). The TiO2 sample is primarily in the anatase
phase, but minor traces of a rutile phase is visible. The surface areas of the employed catalysts have
been determined by BET measurements and are listed in table S3 in the supplementary information.
Across all the tested samples (loose contact, tight contact and non-catalytic oxidation) the best fit
for the simple kinetic model was achieved with a carbon reaction order of n = ⅔. This is consistent
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with the soot particles behaving as uniformly shrinking spheres [70]. However, as discussed
elsewhere [71], other situations could lead to similar reaction orders.
The non-catalytic soot oxidation occurs with an activation energy of 198.5 kJ/mol. This value is
relatively high compared to reported activation energies for O2 dissociation on defected graphite
[72], but in the low end of the reported activation energies for CO and CO2 desorption from semiquinone and lactone species in graphite surfaces [72-74]. It is therefore difficult on this basis to
unambiguously assign a rate limiting step for the non-catalytic oxidation. In the non-catalytic
oxidation 65 % of the carbon is released as CO (see figure S13 in the supplementary information).
Such a preference for CO rather than CO2 is also commonly observed in TPD of oxygen treated
graphite surfaces [75-78]. The catalytic oxidations mainly result in CO2 rather than CO, and the
CO/CO2 distribution seems to depend more strongly on the catalyst than on the type of contact with
the soot (supplementary information, figure S13).
3.2 Catalytic oxidation in tight contact
In tight contact tests soot and catalyst are crushed together, and an extensive soot/catalyst interface
is expected [15]. Figure 1 shows the rate of soot oxidation as a function of temperature for oxidation
in tight contact with various catalytic materials. The results in figure 1 illustrate that the catalysts
vary widely in activity with the more active catalytic materials like Co3O4 and CeO2 causing the
oxidation at a substantially lower temperature than less active materials such as ZnO and TiO2.
In tight contact oxidation the reaction most likely involves oxide lattice oxygen. For oxides such
as CeO2, MoO3 and V2O5, where the diffusion of lattice oxygen in the bulk is known to be very
rapid [46, 56, 79-81], isotopic labeling experiments of carbon oxidation in tight contact with the
oxide have shown a major involvement of bulk lattice oxygen [82-86]. TEM studies have also
shown that the carbon consumption occurs at the soot/catalyst interface [87] and have provided
indications of local ceria reduction associated with the soot oxidation [88]. The available
observations thus indicate a reaction mechanism in tight contact that is of the type proposed by
Mars and van Krevelen [89] with an initial reaction between carbon and surface, lattice oxygen of
the oxide followed by re-oxidation of the oxide by gas phase oxygen.
As the tight contact reaction is observed [87] to be focused at the soot/catalyst interface it seems
appropriate to normalize the tight contact activity by the interfacial area. However, as it is difficult
to assess the exact interfacial area in each case, the rate constants have been normalized by the
maximally achievable initial interfacial area, which, depending of the respective surface areas, may
be decided by either the soot or the catalyst. Here we thus assume a perfect dispersion of the solids,
and normalize the rate constant by the surface area of either smallest surface area in the system
(either the soot or the catalyst). Figure 2 shows the fitted rate constant at a representative
temperature of 400 °C for soot oxidation in tight contact with a catalyst as a function of the heat of
oxygen chemisorption for various catalytic materials.
Figure 2 shows that the data outline what Balandin [90] termed a volcano curve with an optimal
activity at an intermediate bond strength. As the heat of oxygen chemisorption decreases, oxygen is
more easily released from the catalyst surface, and the oxidation activity increases. Eventually, in
the case of gold, oxygen activation becomes such a limitation that this leads to a decreased activity.
This is presumably especially clear for the employed bulk gold sample, which has a very low
surface area (1.1 m2/g). Small gold nanoparticles would be expected to bind oxygen more strongly
[64] and thus have a more appropriate binding energy and higher activity, as it is also observed in
graphite oxidation [91, 92]. Among the tested materials, Co3O4 and CeO2 are the catalysts closest to
the optimal oxygen bond strength. V2O5 can be seen to be a positive outlier in figure 2. This may be
6

related to the normalization of the rate constant by the surface area of the catalyst. The reaction
occurs above the Tammann temperature of V2O5 (209 °C), and catalyst species could in principle
wet the entire soot surface and create a larger interface than expected from the initial oxide surface
area. MnOx and Cr2O3 are negative outliers. For these materials a greater fraction of the carbon is
released as CO than expected from the general tendency (see figure S13 in the supplementary
information). If the oxygen coverage for these materials is lowered under the reaction conditions
this could also impact the activity for the two materials.
Figure 3 shows the apparent activation energies for tight contact oxidation in the presence of
the evaluated catalysts as a function of their heats of oxygen chemisorption. With approximation the
data can be seen to follow a linear tendency – a so-called Brønsted-Evans-Polanyi [48, 49]
relationship. The slope of the Brønsted-Evans-Polanyi relationship is a measure of the extent to
which the transition state resembles the final state (complete rupture of the oxygen-catalyst bond).
Figure 3 shows that the linear relationship has a slope of 0.35, indicating that the transition state,
which Hennig [91] proposed to be a bridging metal-oxygen-carbon species, is closest to the initial
state in character.
Figure 4 outlines the possible steps of the reaction mechanism. Reaction R1 is the broadly
supported mechanism for adsorption of oxygen on a metal oxide [93-95]. By electron donation from
the metal the adsorbed oxygen becomes a superoxide ( O2− ), a peroxide ( O22− ), dissociated atomic
oxygen ( O − ) and finally lattice oxygen ( O 2− ). Following Hennig’s [91] proposal of a bridging
metal-oxygen-carbon transition state lattice oxygen from the catalyst is then transferred to the
carbonaceous material, in this case to form a semi-quinone species (R2). The reaction leaves a
reduced surface site in the metal oxide, which is reoccupied according to R1. It is known from TPD
studies [73, 74] that the semi-quinone species can desorb as CO (R3), but the activation energy for
desorption of CO2 from carbon bound to two oxygen atoms is significantly lower [73, 74], and,
when possible, a second transfer of oxygen (R4) should be a more favourable pathway. In the
catalytic oxidation the fraction of carbon released as CO is low compared to the non-catalytic
oxidation (supplementary information, figure S13), but as secondary catalytic oxidation of released
CO is also a possibility, it is difficult to identify the immediate product of the carbon oxidation. It
seems likely that the rate limiting step is one of the oxygen transfer reactions (R2 or R4), since the
reaction rate depends on both the oxygen bond strength of the catalyst (figures 2 and 3) and the
inherent reactivity of the soot [23].
3.3 Catalytic oxidation in loose contact
Figure 5 shows the degree of carbon conversion as a function of temperature during oxidation of
soot in loose contact with various catalytic materials. Figure S11 in the supplementary information
also shows the corresponding oxidation rates as functions of temperature.
Figure 5 illustrates that in loose contact the decrease in oxidation temperature due to the
presence of a catalyst is less drastic than in the tight contact case, where the oxidation temperatures
with different catalysts varied by several hundred degrees. Figure 5 shows that at lower
temperatures Co3O4 gives the highest conversion. However, at higher temperatures oxidation in the
presence of a material like Cr2O3 becomes relatively faster, and the conversion in the presence of
Cr2O3 overtakes the conversion in the presence of Co3O4.
In loose contact the soot/catalyst interfacial area will be much smaller than the maximally
achievable area due to the inferior mixing of the two components, and the interface is expected to
be limited to the contact points between larger clusters of soot particles and larger clusters of
catalyst particles [15]. It therefore does not seem descriptive to normalize the activity by the
maximally achievable interfacial area as done in the case of tight contact. Furthermore there are, as
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described below, indications that in addition to the interface reaction important for tight contact
oxidation (in loose contact the same interface reaction would still be expected to proceed at the
limited number of contact points) there is another mechanism that contributes significantly to the
oxidation in the loose contact tests.
For loose contact oxidation isotope labeling studies with CeO2-based catalysts [96, 97] have
shown that the produced CO and CO2 contain a significant fraction of lattice oxygen from the oxide
catalyst, so the oxidation does seem to occur at least partly with oxygen originating on the catalyst
surface. Zeng et al. [98] and Yamazaki et al. [97] studied catalytic soot oxidation with a catalyst
separated from the soot by a layer of inert particles and found that the oxidation temperature
depended upon the thickness of the inert layer. This could indicate a mechanism, where oxygen is
activated on the catalyst and then diffuses to the soot and reacts (a type of spillover phenomenon
[99]). For carbon oxidation by Cr2O3 TGA and microscopy experiments [92], IR studies [100],
electron microscopy investigations [101] and isotopic labeling experiments [85] have also pointed
to a mechanism where oxygen is activated on the catalyst and then diffuses to reactive sites on the
carbon surface and reacts. The observation [97, 98] that oxygen remains activated when transferred
from the catalyst to the soot across a dividing layer of inert material seem most consistent with the
activated oxygen species being dissociated atomic oxygen. Molecular species such as O2− and O22−
are activated by electron donation, while adsorbed on the catalyst, but would not necessarily be
expected to carry this activation with them when removed from the catalyst surface and transferred
across an inert surface to carbon. If the catalyst surface can create atomic oxygen, which can
migrate to the carbon to react, this would be expected to accelerate the soot oxidation. Atomic
oxygen has a relatively high reaction probability on graphite [102], and a neighboring catalyst
dosing atomic oxygen should thus raise the oxygen coverage on the surface of the carbonaceous
material [85]. This should benefit the oxidation rate, since the activation energies for desorption of
CO and CO2 from oxidized species in the surface of graphite decrease with increasing oxygen
coverage [72, 77, 78, 103, 104].
In the case of loose contact oxidation another part of the mechanism is thus expected to be the
transfer of the activated oxygen species to the carbonaceous material. This transfer could, as
suggested elsewhere [105, 106], occur via the gas phase (possibly by evolution of O· radicals or
derived O3 from the catalyst surface), or via surface diffusion to the soot/catalyst interface and
possibly onto the soot. In the latter case the heat of oxygen chemisorption on the catalyst would also
be important, as the rate of surface diffusion of an adsorbate depends on its heat of chemisorption
[107].
Assuming that the primary role of the catalyst is oxygen activation, and assuming that the
number sites active for oxygen activation scales linearly with the total catalyst surface area it would
seem most reasonable to normalize the determined rate constants by the total surface area of the
catalyst (here the initial area is used). Furthermore, at the present state of knowledge on loose
contact soot oxidation, where the active site for oxygen activation has not been unambiguously
identified, a normalization of the catalytic activity by the total surface area of the bulk catalysts
appears to be the best approach. Figure 6 shows the fitted rate constants for soot oxidation in loose
contact with a catalyst at a representative temperature of 600 °C as a function of the heat of oxygen
chemisorption for various catalytic materials. Figure 6 shows that the catalytic activities, also in the
case of loose contact, outline a volcano curve with an optimal activity at intermediate bond strength.
Among the materials evaluated Cr2O3 is the catalytic material closest to the optimal bond strength.
The fact that the optimal oxygen bond strength has shifted compared to the tight contact oxidation
could also suggest that there are differences in terms of the reaction mechanisms in the two cases.
A factor that must also be considered for the loose contact case is the impact of catalyst mobility
at the high reaction temperatures. If catalyst species have substantial mobility due to a high
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volatility or a low melting point this will lead to establishment of additional soot/catalyst interface
and thereby an increased effect of the catalyst [12, 15, 91, 108-110]. As in the tight contact case the
activity of V2O5 is higher than expected from the general tendency in figure 6, but since the soot
oxidation in loose contact occurs significantly above the Tammann temperature and in the last part
of the test even above the melting point of V2O5, it could well be that catalyst species wet the entire
soot surface, and the normalization of the rate constant by the initial catalyst surface area is thus not
necessarily descriptive for this catalytic material (vanadium oxide was observed to have wetted the
entire sample holder after the experiment).
Figure 7 shows the Brønsted-Evans-Polanyi relationship for oxidation in loose contact. Again
there is, with approximation, a linear relationship between activation energy and heat of
chemisorption. However, there is some scattering of the data, perhaps as a result of a greater
influence of non-catalytic oxidation and for some materials a smaller catalytic effect in the loose
contact mode. Compared to the tight contact case the slope of the Brønsted-Evans-Polanyi line for
loose contact is higher. This would suggest a transition state closer to the final state [111], namely a
complete rupture of the oxygen-catalyst bond in the loose contact case.
Figure 8 illustrates the presented mechanistic considerations for loose contact oxidation. Oxygen
is activated by adsorption of the catalyst according to reaction R1. As discussed above it is possible
that the loose contact oxidation involves a dissociated oxygen species. The activated oxygen then
migrates (by surface diffusion or through the gas phase) to the surface of the carbonaceous material,
where it creates an oxidized surface species, here again exemplified by a semi-quinone species
(R5). As discussed in connection with the tight contact reaction CO can then desorb from the semiquinone species (R3) [73, 74]. Alternatively, an attack on the oxidized carbon atom by a second
oxygen atom can result in the formation of CO2 (R6).
A final point worth mentioning is that catalysts binding oxygen more weakly are not completely
inactive in the loose contact oxidation. At lower temperatures the more weakly bound oxygen is
more readily available (the activation energy is lower as seen in figure 7) and the catalytic activity
of Co3O4 is even higher than the activity of Cr2O3. However, at higher temperatures the activation
of oxygen on the more weakly binding surface is presumably rate limiting compared to a surface
that binds oxygen more strongly (such as Cr2O3), and the rate achieved with the more strongly
binding catalysts overtakes the rate of the weakly binding catalyst.
3.4 Identification of an improved catalyst by an interpolation principle
Figure 6 indicates that optimal loose contact activity corresponds to a material binding oxygen
slightly stronger than Cr2O3, but less strongly than Fe2O3. From Balandin’s [90] concept of the
volcano curve comes also the interpolation principle – the idea that two materials, one on each side
of the optimal bond strength, can be combined in a mixed phase with a more optimal binding
energy. To test if this principle could be used as a guide in the identification of improved loose
contact catalysts, a series of silica supported Fe-Cr binary oxides with varying composition was
prepared. A supported system was chosen as a convenient way of preparing clusters of a mixed
oxide or highly intermingled pure oxides. The XRD patterns of the binary Fe-Cr catalysts (figure S7
in the supplementary information) suggest a somewhat gradual transition from α-Fe2O3 to α-Cr2O3
in the binary oxides, which might indicate that mixed oxide phases were obtained. These silica
supported FeaCrbOx catalysts were tested for activity in soot oxidation with loose soot/catalyst
contact, and figure 9 shows the rate constant normalized by the amount of active metals as a
function of the iron fraction in the binary oxides. Figure 9 illustrates that the activity of the catalysts
in fact passes through an optimum for an FeCr2Ox catalyst (33 mol% Fe), which at 550 °C has a rate
constant 2.3 times higher than pure α-Cr2O3 and 29 times higher than pure α-Fe2O3, and it is
9

promising to observe that more active multi-component catalysts can be developed by interpolation
principles.
Conclusion
The oxygen bond strength on the surface of a catalyst as measured by the heat of oxygen
chemisorption is observed to be a very important parameter for the activity of the catalyst in soot
oxidation. With both intimate contact between soot and catalyst (tight contact) and with the solids
stirred loosely together (loose contact) the rate constants (for a reaction order of ⅔ in carbon) of a
number of catalytic materials outline a volcano curve when depicted against their heats of oxygen
chemisorption. However the optima of the volcano curves correspond to different heats of
chemisorption for the two contact types. This could be related to mechanistic differences between
the oxidation in the two situations. Among the tested metal or metal oxide catalysts Co3O4 and
CeO2 were nearest to the optimal bond strength in tight contact oxidation, while Cr2O3 was nearest
to the optimum in loose contact oxidation. For both the tight and loose contact tests the activation
energies for soot oxidation with the different catalytic materials formed linear Brønsted-EvansPolanyi relationships with the heat of oxygen chemisorption on the catalytic materials, but the
slopes of the Brønsted-Evans-Polanyi relationships differ between the tight and loose contact cases.
The optimum of the volcano curve in loose contact occurs between the oxygen bond strengths of αFe2O3 and α-Cr2O3. From an interpolation principle it might thus be expected that FeaCrbOx binary
oxides could exhibit improved activity compared to the pure oxides, and this was also observed, as
a silica supported FeCr2Ox catalyst had a rate constant at 550 °C that was 2.3 times higher than the
rate constant of a pure Cr2O3/SiO2 catalyst and 29 times higher than the one for a pure Fe2O3/SiO2
catalyst.
Appendix A. Supplementary material
Additional catalyst characterization and further studies of the catalytic activity are available in the
supplementary information.
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Figure 1 The rates of carbon oxidation (normalized by the total, initial amount of carbon) in tight
contact with various catalysts as functions of the temperature. Experimental conditions:
Soot:Catalyst = 1:5 wt:wt, ramp = 11 °C/min, 1 NL/min, 10.2 vol% O2 in N2.
Figure 2 The rate constant (at a representative temperature of 400 °C) for soot oxidation in tight
contact with a catalyst as a function of the heat of oxygen chemisorption for various catalytic
materials. The rate constant is normalized by the maximally achievable interfacial area (determined
by the smallest surface area of either soot or catalyst). The dashed lines are given as a guide to the
eye. With the available data it is difficult to identify the exact optimum of the volcano. The
experimental conditions are given in connection with figure 1.
Figure 3 Brønsted-Evans-Polanyi relationship between the apparent activation energy for soot
oxidation in tight contact with a catalyst and the heat of oxygen chemisorption on the catalyst.
Figure 4 Sketch of the possible structure of the reaction mechanism in tight contact soot oxidation.
Me denotes a metal ion in the surface of the metal oxide. The double ring is here used to represent
the carbonaceous material.
Figure 5 The degree of carbon conversion in loose contact with various catalysts as a function of
the temperature. Experimental conditions: Soot:Catalyst = 1:5 wt:wt, ramp = 11 °C/min, 1 NL/min,
10.2 vol% O2 in N2.
Figure 6 The rate constant (at a representative temperature of 600 °C) for soot oxidation in loose
contact with a catalyst as a function of the heat of oxygen chemisorption for various catalytic
materials. The rate constant is normalized by the surface area of the catalyst. The experimental
conditions are given in connection with figure 5.
Figure 7 Brønsted-Evans-Polanyi relationship between the apparent activation energy for soot
oxidation in loose contact with a catalyst and the heat of oxygen chemisorption on the catalyst.
Figure 8 Sketch of the possible structure of the reaction mechanism in loose contact soot oxidation.
Me denotes a metal ion in the surface of the metal oxide. The double ring is here used to represent
the carbonaceous material. The dashed lines are here used to indicate the migration of activated
oxygen to the surface of the carbonaceous material as discussed in the text.
Figure 9 The rate constant (at a representative temperature of 550 °C) for soot oxidation in loose
contact with FeaCrbOx/SiO2 as a function of the iron fraction [Fe/(Cr+Fe)] in the binary oxides.
Experimental conditions: Soot:Catalyst = 1:10 wt:wt, ramp = 11 °C/min, 1 NL/min, 10.2 vol% O2
in N2.
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