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The oxidation mechanism of carbon by automotive exhaust gasses (O 2 , H 2 O and NO 2 ) was investigated in the range of temperature (300°C to 400°C) corresponding to the operation conditions of the continuous regeneration regime of the soot trap. No carbon gasification occurs when O 2 is injected in absence of NO 2 below 450°C.

However, when O 2 (10% vol) and NO 2 (100 to 600ppmv) are both present in the gas mixture, two distinct carbon oxidation reactions take place. A direct reaction occurs between NO 2 and the carbon surface along with a co-operative one involving simultaneously O 2 and NO 2 . In the latter case, NO 2 promotes the decomposition of the intermediate C(O) complex.

Injection of water vapour increases the overall oxidation rate but does not modify the global mechanism. The promoting effect of water is attributed to the intermediate formation of traces of nitric and nitrous acids which enhance the direct reaction C-NO 2 rate. In contrast, water has no measurable effect on the co-operative C-NO 2 -O 2 reaction. A relationship between the water promoting effect on the direct oxidation rate and the amount of theoretical formation of HNO 2 and HNO 3 was established.
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INTRODUCTION

Exhaust stream from automotives and trucks are subjected to regulated emission standards which will become even more stringent in the future. In the case of Diesel engine the lowering of soot emission is based on a filtration system in which trapped soot is periodically removed by controlled oxidation with O 2 at 550°C or above. It is well known that in presence of NO 2 the rate of the carbon-O 2 reaction is significantly enhanced [1]. Since NO 2 may be formed in the gas stream by catalytical oxidation of NO present in the exhaust stream, it is thought that small amounts of NO 2, in the range of a few hundreds ppm by vol. will promote the continuous oxidation of the deposited carbon particulates in the temperature range 200 -450°C. Thus, a partial but continuous regeneration regime of the soot filter may be obtained [2].

Cooper et al. [START_REF] Cooper | Treatment of diesel exhaust gases[END_REF][START_REF] Cooper | [END_REF], Chughtai et al. [START_REF] Chughtai | [END_REF]6] and Kong et al. [7] reported that the reaction of carbon with NO 2 is enhanced in presence of water vapour which is also a component of the exhaust gas stream. They attributed the increase of carbon reactivity to the formation of nitric and nitrous acids in presence of water and O 2 . This result was confirmed by Kirchner et al [8] who observed an increase in C-ONO 2 and C-ONO groups (surface oxygenate groups) in the reaction of carbon with HNO 3 in the feed gas. Uchisawa et al [9] observed also that water vapour is necessary for promoting the oxidation process by NO 2 . They attributed the decomposition of the surface oxygenate groups formed during the interaction of carbon with NO 2 to a strong acidity proceeding through hydrolysis and decarboxylation. This observation was confirmed by Ciambelli et al [10] during the study of the role of NO and H 2 O in the regeneration of catalytic filter. So far, several studies were devoted to the interaction of NO 2 with carbon in the temperature range 100-500°C. The majority of these studies were devoted to the chemistry of the atmosphere [11][12][13][14][15][16][17]. Many research groups have illustrated the different nitrogen and oxygen surface complexes such as, C-NO 2 , C-ONO, C-ONO 2 , C-O, formed during the interaction of carbon with NO 2 or NO/O 2 or NO 2 /O 2 at lowest temperature. For instance, Lur'e and Mikhno [18] investigated the interaction of NO 2 with carbon surfaces from 100°C up to 350°C. They showed that nitrogen-based complexes were formed at lower temperature and that these complexes decomposed at higher temperature. Similar results were reported by Gray and Do [19] who also studied the overall reactivity in the temperature interval 150-350°C. From these studies it appears that the gasification mechanism may be quite complex. More recently, a systematic investigation of the chemisorption of NO 2 on carbon black showed that upon exposure to NO 2 at 50°C or 100°C adsorption of NO 2 and evolution of NO take place [20]. It was also established that the adsorption of NO 2 leads to the formation of both oxygen and nitrogen surface complexes. Upon desorption, the latter ones give rise to NO and CO 2 in a molar ratio close to 1 below 250°C. At higher temperature the desorption of CO 2 and CO originates from the decomposition of C(O) complexes. Moreover, it was shown that chemisorption of oxygen on the carbon black prior to exposure to NO 2 leads to a significant increase of nitrogen-based complexes and to a stronger evolution of NO. These results were attributed to the adsorption of NO 2 on oxygen complexes resulting from O 2 chemisorption. A relationship between the additional amount of adsorbed NO 2 and the excess of CO 2 released during thermal desorption below 500°C was established. Therefore, after a sequential adsorption of O 2 and NO 2 two distinct desorption reactions occur which in turn point toward a dual oxidation mechanism of carbon by NO 2 and O 2 [20].

The purpose of the present study is to investigate further the oxidation mechanism of carbon particles by NO 2 and O 2 and to provide a better understanding of the effect of water vapour on the overall carbon oxidation mechanism in conditions close to automotive exhaust gas aftertreatment.

EXPERIMENTAL

A commercial carbon black, Vulcan 6 from Cabot with a specific surface area equal to 106 m 2 /g was used in this study as a model for soot particles. In fact, Diesel soot contains also polycyclic aromatic hydrocarbons and mineral components which may alter the oxidation reaction. Experiments were carried out in a fixed bed reactor. In each experiment 50mg of carbon black, CB, was deposited on a quartz frit (16 mm in diameter) set in a vertical fused silica tube. Temperature of bed was measured by a thermocouple located 1 mm above the CB sample. The gas flow rate of the injected gas mixture was controlled by mass flow meters. In all experiments a total flow rate equal to 100 NL h -1 was used at 1 atm. The mole fractions of NO 2 , NO, CO 2 and CO at the reactor outflow were measured by infrared analysers (Rosemount NGA 2000 for the first two gases and Mailhac Multor 610 for the two latter ones). A by pass line allowed to calibrate the analysers. Liquid water was injected in the gas mixture using a peristaltic pump and evaporated through a thermostated mixing gate. After reaction, the gas flows through a water condenser before entrance in the different gas analysers.

The rate of carbon consumption was calculated from the total gas flow rate and the CO and CO 2 concentrations at steady state regime.

Experiments were performed under isothermal conditions (temperature ranging from 300°C to 500°C). The sample was heated to the reaction temperature under pure He and then the gas flow was switched to the oxidant mixture. The reactive gas mixture was composed of NO 2 with or without O 2 and/or H 2 O and He to close the balance.

The range of the inlet NO 2 mole fraction was comprised between 100 to 600 ppmv.

When injected the concentration of the inlet O 2 and H 2 O was set equal to 10% and 5% by volume respectively.

The gas composition was recorded every 5s and the experimental incertitude for gas measurement was less than 5%. In presence of water, the accuracy is about twice less as in dry conditions.

RESULTS

The reaction mechanism of carbon by NO 2 and by the mixture O 2 -NO 2 will be successively investigated. Thereafter the effect of water will be assessed.

Oxidation of carbon by NO 2

The consumption of NO 2 and the evolution of CO 2 , CO and NO vs time at 300°C and for an inlet concentration of NO 2 equal to 400 ppmv are shown in Fig. 1. After a transient period of almost 500s a steady state regime is reached. During the transient regime the total NO x mole fraction emitted is smaller than the one corresponding to the NO 2 inlet mole fraction. The results of the nitrogen balance during the transient and the steady state regime are shown in Table 1. The difference is due to the formation of nitrogen species on the carbon surface as evidenced in a previous study [21]. When the steady state regime is reached the nitrogen balance is verified, indicating that NO is the only nitrogen species formed during the oxidation of carbon black by NO 2 . Therefore, the NO 2 concentration in the outlet stream will not be indicated in the following. The steady state is maintained until about 10% carbon consumption. Similar gas emission profiles are obtained at various temperatures or for different inlet NO 2 concentration. However, the duration of the transient period decreases with increasing reaction temperature or inlet NO 2 mole fraction. The molar fraction of the different gases in the outlet stream in steady state conditions, i.e. after 1hr of reaction, are shown for different experimental conditions in Table 2. The consumption rate of carbon expressed in mg/s is also indicated. The as-obtained rate corresponds to a global one which does not take into account the slight depletion of NO 2 through the thin soot bed. As expected, the oxidation rate increases with temperature.

The following reaction mechanism was proposed for the evolution of CO 2 and CO resulting from the interaction of carbon with NO 2 [21] :

-C* + NO 2 -C(O) + NO (1) -C(O) + NO 2 -C(ONO 2 ) (2) C-C(ONO 2 ) CO 2 + NO + -C* (3) C-C(ONO 2 ) CO + NO 2 + -C* (4) 
in which -C* is a carbon active site. Eq 3 and 4 lead to the regeneration of active sites on the carbon surface hence, allowing the sequence of surface reactions

(1) to (4) to release CO 2 and CO. Combining Eq. 1 and 2 with 3 or 4 one obtains the following overall oxidation equations :

C + 2 NO 2 CO 2 + 2 NO (5) C + NO 2 CO + NO (6) respectively.
According to the stoechiometry of Eq. 5 and 6, one may define a ratio Q relating the different gas concentrations :

Q = (2 [CO 2 ] + [CO]) / [NO] (7) 
in which [NO], [CO] and [CO 2 ] are the gas concentration in the outlet stream in steady state conditions. In the present case the theoretical value of Q should be equal to 1 which is confirmed by experimental data. In the following Eq.5 and 6 will be referred to as the direct oxidation reaction of carbon.

To check for the occurrence of other reaction between the different gases emitted and carbon in our experimental conditions, we have tested the interaction between carbon and NO. This study showed that the amount of CO 2 and CO is about 10 ppm during the oxidation of carbon by 400 ppm NO at 400°C. This behaviour is in agreement with the results of Suzuki et al [22] who observed that below 600°C the C-NO reaction is not observed and starts above 600°C. Uchisawa et al [9] have also reported that no significant oxidation is occurring when NO is used instead of NO 2 for the oxidation of carbon in absence of catalyst.

The occurrence of gas phase reaction was also verified by testing the reaction between the different gases emitted. In contrast to the results reported by Choi et al [23] who worked on soot, our investigation has shown that no reaction is occurring between CO and NO 2 with carbon black in the mentioned experimental conditions.

Oxidation of carbon by NO 2 -O 2 mixture

In all cases there is a large excess of O 2 as compared to NO 2 . The overall carbon oxidation rate at 300°C increases with increasing volumic fraction of NO 2 in presence of a constant concentration of O 2 in the inlet stream as shown in Table 3. Also, the evolution rates of CO 2 and CO are both increased. In presence of 10% O 2 the reaction rate is about twice the one measured using only NO 2 (see also Table 2).

This result is in agreement with the soot oxidation profile obtained by Setiabudi et al [24] when 10% O 2 were added to 500 ppm NO 2 . As already mentioned, no significant gasification of carbon is observed with pure O 2 in the investigated range of temperature, 300-400°C. It is well known that in the considered range of temperature O 2 chemisorbs on the carbon surface and gives rise to carbon oxygen complexes -C(O) [21] which may be schematically written as :

C + O 2 2 -C(O) (8).
Consequently, there is an additional formation of -C(O) complexes to the one resulting from NO 2 chemisorption (Eq. 1) and the complexes originating from O 2 chemisorption will further react with NO 2 as indicated previously (Eq. 2-4). The overall reactions involving O 2 and NO 2 may therefore be written as [START_REF]Introduction to carbon science[END_REF]:

C + ½ O 2 + NO 2 NO + CO 2 (9) 
C + ½ O 2 CO (10).

In the following, Eq. 9 and 10 will be designated as the co-operative oxidation reaction of carbon since both NO 2 and O 2 take part in this additional carbon gasification mechanism.

As in absence of oxygen, the effect of the addition of less than 400 ppm NO in the feed gas on the oxidation of carbon by NO 2 and O 2 was tested at 350°C. These investigations confirmed the observation of Jelles et al [START_REF] Jelles | [END_REF] which indicates that NO does not affect the oxidation of carbon by O 2 in absence of catalyst.

The occurrence of a different reaction mechanism in the case of the NO 2 -O 2 gas mixture leads to a change in the relationship between the evolved species NO and CO 2 . Eq. 9 shows that the evolution of CO 2 and NO would be in the ratio 1/1 whereas for the direct reaction this ratio is equal to 1/2 (Eq. 5). Also, there is no relationship between the evolution of CO and NO since the effect of NO 2 essentially consists in a destabilisation of the intermediate C(O) complex formed by O 2 chemisorption.

Considering the [CO 2 ]/[NO] ratio, it is seen that the experimental values are comprised between 0.55 to 0.75 (Table 3). This result points toward the occurrence NO 2 of both the direct and the co-operative oxidation reactions. Consequently, the overall gasification reaction of carbon by the NO 2 and O 2 mixture is the sum of the direct and the co-operative reaction.

Effect of the presence of H 2 O

At first the effect of water on the direct oxidation reaction, i.e. with NO 2 alone was investigated. For this study 5 % b.v. water was added in the inlet stream containing 400 ppmv NO 2 . In presence of water the nitrogen balance is less accurate because of a small fraction of NO 2 which dissolves in the condensed water prior to the NO x measurement.

As already reported an increase of the carbon oxidation rate is observed in presence of water [1] as shown in Table 4. In order to evaluate the water effect, one may define a water promoting factor, wpf, as the ratio of the carbon oxidation rate in presence of water to the one in absence of water. The results shown in Fig. 2 indicate that the effect of water tends to decrease markedly with increasing temperature. For instance at 300°C the rate of carbon consumption is nearly 3 times larger in presence of 10% b.v. water. Similar results are found in presence of 400ppmv NO 2 and 10% b.v. O 2 (Fig. 3). The beneficial effect of water on the carbon oxidation rate tends also to decrease when the temperature is increased. However, as a general trend the promoting effect of water tends to be weaker in presence of O 2 as compared to the one observed with NO 2 alone.

DISCUSSION

Effect of O 2 on the carbon-NO 2 reaction

The contribution of the direct and co-operative carbon oxidation reaction may be determined by subtracting from the CO 2 concentration resulting from the reaction with the NO 2 -O 2 mixture (Tab. 3) the one occurring in the direct C-NO 2 reaction (Tab. 2).

A similar procedure may be applied for determining the NO concentration due to both types of reaction.

Hence the CO 2 , CO and NO concentration corresponding to the co-operative reaction may de determined as follows : (11) [CO] coop = [CO] tot -[CO] dir (12) [NO] coop = [NO] tot -[NO] dir (13) where The obtained values for [CO 2 ] coop and [NO] coop are listed in Table 5 and the ratio R = [CO 2 ] coop / [NO] coop is reasonably close to 1 which confirms our hypothesis. In particular, it appears that there is no significant consumption of NO 2 for the formation of CO in the co-operative reaction.

[CO 2 ] coop = [CO 2 ] tot -[CO 2 ] dir
In a similar way, one may now determine the contribution of the direct C-NO 2 reaction (Eq. 5 and 6) and the cooperative C-NO 2 -O 2 one (Eq. 9 and 10) to the overall carbon gasification rate. It appears that in the investigated range of temperature and for a gas inlet composition consisting in 400 ppmv NO 2 and 10% b.v. O 2 the co-operative reaction contributes to nearly 60% to the carbon gasification process (Table 5).

Effect of water on the carbon-NO 2 reaction

The value of the ratio Q (Eq. 7) is not significantly modified in presence of water and remains close to 1 as indicated in Table 4. However, it must be noted that the measurement uncertainties on the outlet gas composition is significantly larger in presence of water due to the solubilisation of nitrous species in the water condenser placed before the entrance of the detectors. Moreover, the oxygen balance based on NO 2 in the inlet and on the oxygenated species present in the outlet NO 2, NO, CO is nearly verified which indicates that H 2 O does not take part as a reactive specie in the carbon gasification process. However, since the oxidation rate of carbon by NO 2 increases in presence of water, it may be assumed that H 2 O exert a kind of catalytic effect on the C-NO 2 reaction.

As already mentioned [1,[START_REF] Chughtai | [END_REF]7,27], the catalytic effect of water on the oxidation of carbon black is generally attributed to the reaction of NO 2 and H 2 O leading to small amounts of HNO 2 and HNO 3 in the gas phase. These compounds would then react directly with the carbon surface in a similar way as in Eq. 1 and 2. A higher reactivity and/or turn-over of these complexes may be attributed to their different chemical nature, for instance a complex involving HNO 3 or HNO 2 . However, it is difficult to speculate further due to the lack of information on the precise structure of these intermediate species.

Two reactions may be considered for the formation of HNO 2 and HNO 3 as shown below:

2 NO 2 + H 2 O HNO 3 + HNO 2 (14) 3 HNO 2 HNO 3 + 2 NO + H 2 O (15).
The first one leads to the formation of nitrous and nitric acid, whereas the second one takes into account the decomposition of nitrous acid in NO and HNO 3 . If these two acids are active intermediates of the C-NO 2 reaction, one may assume that only minute amounts would be required to exert an effect on the carbon gasification rate and that this effect would depend on the effective amount of acid present.

Minimization of the free energy corresponding to Eq. 14 and 15 enables to determine the concentration of the different nitrogen species present at equilibrium. These values were determined by considering the NO 2 and NO concentration values in the outlet stream and using the commercial software for equilibrium thermodynamics (HSC Chemistry). The water concentration was taken equal to the inlet one. Results of these computations for different experimental conditions are indicated in Table 6.

In all cases, the theoretical amount of HNO 3 and HNO 2 formed in the outlet gas mixture is less than 1ppmv. Whatever the temperature, the HNO 2 concentration is larger than the one corresponding to HNO 3 . Since the precise nature of the active species is not known, one may assume that both HNO 3 and/or HNO 2 may be equally active and/or that their rate of interconversion is much larger as the one of carbon gasification. Therefore, in the following one will only consider their total amount The fact that only traces of nitric and nitrous acids are present and that the higher their amount the more the carbon gasification rate is enhanced strongly supports the hypothesis of HNO x being the active intermediate in the direct C-NO 2 reaction. A more rigorous relationship would imply the determination of the actual [HNO x ] value in steady state conditions. This kind of measurement is quite difficult to carry out for experimental reasons as already mentioned previously. However, it may be assumed that the gas phase reaction of Eq. 14 and 15 proceeds at a higher rate as compared to the one of carbon gasification and that the amount of HNO x determined in equilibrium conditions provides a close approximation of the actual one.

Effect of water on the carbon-NO 2 -O 2 reaction

In this case two distinct oxidation reactions take place, the direct and the co-operative one. As discussed above, water exerts a promoting effect on the direct oxidation reaction and its influence on the co-operative reaction was also investigated. The same methodology was applied as the one used in absence of water, i.e., subtraction of the direct oxidation rate from the overall gasification rate value. However, the direct carbon gasification rate by NO 2 in presence of water and consequently the wpf value depends on the gas phase composition of the outlet stream. The relationship between wpf and [HNO x ] may be satisfactorily approximated by a linear one as shown in Fig. 4. Its numerical value is as follows : wpf = 2.61 * [HNO x ] + 0.36 (16).

The measured gas phase composition of the outlet stream for an entrance composition equal to 400ppmv NO 2 , 5%H 2 O and 10%O 2 and for different temperatures is shown in Table 7 as well as the calculated HNO x concentration.

Accordingly, wpf values and direct oxidation rate in presence of water may be determined from the one in dry condition. The direct oxidation rates in absence, r dir , and presence of water, r dir, H2O , the corresponding total rates, r tot, and r tot, H2O , and the deduced co-operative one, r coop, H2O , are shown in Table 8. Comparison of the cooperative rate in absence, r coop , and in presence of water, r coop, H2O , shows that they are quite similar which indicates that water does not exert any significant effect on the co-operative oxidation reaction. Thus, water exerts an effect only on the direct C-NO 2 reaction which is consistent with the hypothesis of a highly reactive complex originating from the interaction of HNO x with the carbon surface.

CONCLUSION

In the investigated range of temperature and gas concentration two distinct carbon oxidation reactions take place in presence of NO 
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  [CO 2 ] dir , [CO] dir and [NO] dir are the concentrations of gases emitted during the direct reaction C-NO 2 reaction and [CO 2 ] tot , [CO] tot and [NO] tot are the ones evolved during the reaction of carbon with NO 2 -O 2 .
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 8 Direct and co-operative reaction rates at different temperatures in presence and in absence of water vapour (inlet : 400ppmv NO 2 and 10% vol O 2 ).

	Temperature	NO 2 inlet	CO 2 outlet	CO outlet	NO outlet	Rate of carbon	[CO 2 ]/[NO]
	(°C)	(ppmv)	(ppmv)	(ppmv)	(ppmv)	consumption (mg/s)	
		230	26	6	43	0.4810 -3	0.60
	300	430	48	12	83	0.9010 -3	0.57
		630	63	15	109	1.1610 -3	0.58
	325	420	64	15	101	1.1710 -3	0.63
	350	420	87	27	130	1.6910 -3	0.66
	375	420	110	35	159	2.1610 -3	0.69
	400	420	143	53	189	2.9110 -3	0.75
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 8 FIGURE CAPTIONSFig. 1. Outlet concentration of CO 2 (), CO (), NO () NO 2 () and NO x () versus time at 300°C (inlet : 400 ppmv NO 2 ). Water promoting effect (wpf) as a function of temperature (inlet : 400ppmv NO 2 , 5% vol H 2 O and 0% vol O 2 () or 10% vol O 2 ()).
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