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1. Introduction
The emission of nitrogen oxides from combustion of coal remains a problem of
considerable interest, whether the concern is with acid rain, stratospheric ozone chemistry,
or "greenhouse" gases. Whereas earlier the concern was focused mainly on NO (as a
primary combustion product) and to a lesser extent NO2 (since it is mainly a secondary
product of combustion, e.g. see ref. l), in recent years the emissions of N20 have also
captured considerable attention2-8, particularly in the context of fluidized bed combustion,
in which the problem appears to be most acute. The research community has only recently
begun to take solid hold on the N20 problem. This is in part because earlier estimates of
the importance of N20 in combustion processes were clouded by artifacts in sampling

which have now been resolvedg. This project is concerned with the mechanism of
reduction of both NO and N20 by carbons.
It was recognized some years ago that NO formed during fluidized bed coal
combustion can be heterogeneously reduced in-situ by the carbonaceous solid intermediates
of combustionlO. This has been recently supplemented by the knowledge that
heterogeneous reaction with carbon can also play an important role in reducing emissions
of N202p6,7, but that the NO-carbon reactions might also contribute to formation of
N202,*. The precise role of carbon in N20 reduction and formation has yet to be
established, since in one case the authors of a recent study were compelled to comment that
"the basic knowledge of N20 formation and reduction still has to be improved"8 The same
can be said of the NO-carbon system.

Also of importance in the context of "practical" application of the reported NO-

carbon reaction kinetics is how other gases, particularly CO,C02,02and H20 might
affect these kinetics. There have been only few systematic studies concerning these effects.
Interest in the NO- and N2O-char reactions has been significant in connection with
both combustor modeling, as well as in design of post-combustion NOx control strategies.
As in the case of the NO-char reactions, the reaction of N20 with char is probably too slow
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to be of significance in dilute particle phase, short residence time, pulverized coal
combustion environments3. The suggestion has been made that the reactions could still be
important within the pore structure of the coals, even in a pulverized firing environmentl1.
The possibility of rebuming combustion gases in the presence of fresh coal or char also
exists.
The above chemical processes are, however, unquestionably important in the lower
temperature, slower reaction rate regime of fluidized beds8. Of course, it is also the lower
temperatures of fluidized bed systems that lead to release of greater amounts of N20 from

these systems, since the N20 destruction processes have higher activation energies than do
formation processes7. Therefore, there remains a significant incentive for studies of these
reactions associated with developing better control strategies associated with fluidized bed
technologies.
Beyond the applicability of this chemistry in fluidized beds, there is interest in
developing new post-combustion processes to control NOx emissions. The possibility of
using carbons in the role of catalysts for the catalytic DeN%-type processes has been

The
exploredl2. Their possible roles as catalyst supports has also been e~aminedl3,1~.
use of activated carbons for NO removal has been ~tudied~2?~5,16.
And as noted above,
the use of carbons, with various kinds of catalytic promoters, has been suggested as
holding some promise for lowering the useful temperature range of the reduction processes
into that of interest for post-combustion processing17,1g,19,20. Interestingly, it was even
suggested a few years ago that even spent oil shale, which contains char in a largely
limestone matrix, could be an effective materialfor reduction of N&1,22.

2. Experimental
During this quarter, the primary focus of activity continued to be the effects of other
non-inert gases on the rates of NO reduction by carbon. Earlier, we had explored the effect
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of CO on this reaction, and found that this carbon oxide enhanced the rate. The same
general experimental strategy was employed here to look at the effects of C a on the
kinetics of the NO-carbon reaction.
A quartz packed bed reactor tube of 4 mm internal diameter and 500 mm overall

length was used. A bed of 20-200 mg (in a predetermined length of 1-30 mm) of char
particles, held in place with quartz wool, was located at the center of the tube. The reactor
was heated by an electrical tube furnace and a chromel-alumel thermocouple was placed
inside the reactor tube for temperature measurements.

To test the importance of NO reduction by the quartz reactor tube and the quartz
wool, blank runs were conducted by passing NO mixtures over the bed materials at
different temperatures. The results showed no significant NO reduction (4%,
invariant
with temperature). The same was not true when ordinary glass wool was used in the
reactor. In this case, a few percent NO reduction was observed.

The reactor was outgassed prior to each run by a one hour vacuum pumping at
room temperature. This was followed by thermal surface cleaning (at 1173K for 1-2hours
in He) to remove surface oxides. Nitric oxidehelium mixtures of the desired concentration
levels were prepared using a KIN-TJ2K precision calibration system. The desired NO/He or

NO/C02 mixtures (10-300 ppm of NO in He or C02) were obtained by controlling the

flow rate of helium or C@, and both the absolute temperature of the permeation membrane
and the NO partial pressure in KIN-TEKcalibration system. In experiments in which the

effect of C@ concentration was explored, the desired CqZ concentration (0.5-10% of C02

in NO/He mixture) was obtained by controllingthe flow rate of C@.
During the reactivity measurements, the product gases were continuously analyzed
for NO and NO2 using a chemiluminescence analyzer. The other product gases, such as
C 0 2 and CO, can be analyzed by FTIR, but this was done only during the C 0 2
gasification experiments.
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The TA Instruments thermogravimetric analyzer was used for the C02 gasification
studies. The temperature and sample mass were recorded as a function of time. Products
formed during the gasification experiments can be analyzed using a Bomem FTIR

spectrometer, fitted with a multipass gas cell. Samples of 30-50mg were dispersed on a

circular platinum pan with a large, flat surface and raised sides, resulting in thin particle
beds. The sample bucket was located in the heated zone of the TGA furnace, and a K-type

thermocouple was placed about 5mm from the sample.
The gasification reactions were performed in a flow of C o m e mixture, with a

purge gas flow rate of 100 mL/min. The reactant gas mixture contained 2%CQ in He.

Temperature programmed reaction (TPR)was carried out for all samples, at a linear heating

rate of 10 "C/min to a maximum temperature of 1o00"C.

Specific surface areas of char samples were determined by the N2 BET method at

77 K. A standard flow-type adsorption device (Quantasorb) was used for the
measurements. prior to surface area analysis, all samples were outgassed in a flow of
nitrogen at 573 K for 3 hours.

The carbonaceous solids studied were resin char, graphite and Wyodak coal char.

The resin char (180-29Opm) samples were derived from phenol-formaldehyderesins made
in-house. The coal char (150-212pm) was also prepared in-house from the Wyodak sample
of the Argonne Premium Coal Sample Program. The chars were prepared by a two hour

pyrolysis, in inert gas, at a temperature of approximately 1273 K. The graphite for the
packed bed measurements (180-29Opm) was prepared from graphite rods. None of these
samples was treated any further, except for surface cleaning.
3. Results
During the last year or so, the main focus was on NO reduction by different
carbonaceous materials (such as graphite, resin char and Wyodak coal char); however, the

effect of coexisting gases such as CO, C02, 0 2 and H20 is not yet fully established.
4

Generally,

and CO appear to enhance the rate of reduction of NO. During this quarter,

the effect of C02 on reduction of NO was investigated. It was found that the reduction of
NO was inhibited by the addition of CO2, where the effect was largest with graphite and

insignificant with respect to resin char and Wyodak coal char.
Figure 1shows the kinetics of the NO graphite and NO/CO2 graphite reactions. In
this case, the mixture contained 60 to 100 ppm of NO in roughly 2% C02, balance helium.

Both sets of results (for C02-containing and CO2-free gas) show a "break" at around
8OO0C,where a significant change in the mechanism of reduction of NO occurs. Similar
activation energies were found in the different temperature regimes in both cases.

From Figure 1, it can clearly be seen that the NO-reduction is strongly inhibited by

the addition of C02. The reaction rate in the NO/C02 graphite system is, on average,
lower by a factor of 1.7. Those results imply that C02 is not an inert gas in this system.
Figure 2 shows the NO reduction rate as a function of initial C02 pressure at
80O0C,for graphite. Clearly the rate of NO reduction depends on CO2 partial pressure and
it appears as though the reactivity goes through a minimum at around 1.5 P a . The

concentration dependence is very strong at lower concentrations, and weak at higher
concentrations.
The Arrhenius plot for the NO-Wyodak coal char and NO/C02-Wyodak coal char
reactions is given in Figure 3. In contrast to the situation with graphite, in this case, there
is almost no difference in reactivities in the presence or absence of C02,when C02 partial

pressure is below 2 kPa. The inhibiting effect of C@, however, becomes obvious when
its partial pressure is around 100 kPa. Thus the extent of inhibition of the carbon-NO
reaction depends in some way upon the nature of the carbon itself.
In addition to the steady rate experiments discussed above, some transient
experiments were performed with the Wyodak char. The results obtained with different
concentrations of CO2 at 800°C are shown in Figure 4. From this figure, it can be seen
that with increasing C02 partial pressure, the time to "NO breakthrough" decreases, and
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therefore the "pseudo-steady state" is achieved at different times for different C02 partial
pressures. The pseudo-steady state is obtained sooner, the higher the C02 partial pressure.

As already implied by the results in Figure 3, the 2%C02 case gives a steady reactivity that
is comparable to that in NO-helium mixtures. The steady state, however, suggests no
effect of low concentrations of C@, but the transient reveals a significant effect. It appears
as though sites capable of reducing NO are more quickly destroyed in the presence of Cq2,
even if the ultimate reactivity is largely unaffected. This could indicate the existence of two
different types of sites in Wyodak; one might be the type that dominates in graphite, and the
other is of a different kind, relatively less affected by C02, and dominates the steady state
reactivity in Wyodak char. This, at the moment, is little more than speculation.

To establish whether the effect of Co;!merely has to do with a competition between

C02 and NO for the same adsorption sites, an additional experiment was performed in

which Wyodak coal char was first treated with 2 kPa C02 in He for 30 minutes, followed
by introduction of NO to the reactor. As can be seen, the initial treatment with C02 did not
alter the transient behavior of the reaction system, relative to its behavior in inert gas-NO
mixtures. Thus, the gasification of the carbon in C@ does little to the nature of the s d a c e

dative to the main NO reaction. This could mean that the C02 and NO must be present at
the same time in order for C02 to influence the reduction of NO. This seemingly implies

that there is a competition for active sites between NO and C02,but that empty sorption
sites simply left behind by surface cleaning are not those sites. Another possibility is that at
8OoC,the active sites that are filled during C02 gasification desorb upon removal of Cm,

and that the surface is essentially again virgin surface. This would explain why the
transients for pure NO on oxidized and unoxidized surface are similar. The case in which

C02 is fed continuously at 2% level would result in filling up of active sites more quickly,
and hence, the shorter time to breakthrough.
The results with resin char are in some respects similar to those from Wyodak coal
char. The inhibiting effect of C02 is insignificant at 2% concentrations (see Figure 5).
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Figure 6 shows the NO reduction rate as a function of initial C02 pressure at 800"C, for
the same resin char. In this case, the rate of NO reduction does not depend strongly on

C02 partial pressure, even at C02 partial pressures as high as 101 kPa.
Clearly the role of C02 gasification by itself must be understood to begin to clarify
the role of C02 in inhibiting the NO reduction. To this end, experiments were performed
with all three carbon materials, in order to establish their reactivities to C02 itself.
Temperature Programmed Reactivity, TPR, experiments were performed with a linear
heating rate of 10°C/min in an atmosphere of pure C02. Figure 7 shows that the results in

terms of fractional mass loss. The behaviors of all three samples during C02 gasification
are different from those of the other two. Figure 8 emphasizes the difference, showing the
mass spectrometrically determined yields of CO during the runs of Figure 7.
During the C02 gasification of Wyodak coal char the evolution of CO started at
around 200°C and the main gasification started at 650°C.For resin char the low
temperature CO evolution started at 450°C and the main gasification at 800°C.During the

C02 gasification of graphite, low temperature evolution of CO is almost missing and the
main gasification starts at temperatures as high as 900°C. This indicates the different nature

of the active sites involved in C@ gasification in each of the three cases.
4. Discussion

Only the NO reduction on graphite was seen to be sensitive to the presence of C02
at low concentrations. The reasons for the differences between different materials remain
unclear. Above, it was speculated that there might be a role of two different types of sites in
the case of the Wyodak coal char. Other possibilities cannot., however, be ruled out. For
example, both resin char and Wyodak coal char have a similar porous structure, whereas
graphite is a highly non-porous material. Perhaps there is some role of a transport
limitation. Another possible factor is the concentration of CO in the products of the
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gasification reactions themselves. The more reactive char materials produce much more CO

than does the graphite. Since the CO promotes NO reduction via a carbon surface catalyzed

route, the Cq;! inhibition could be masked in systems in which the CO reaction plays a
bigger role. This latter possibility will be further considered below.

To understand the inhibiting effect of C02 on the reduction of NO, it is necessary

to consider the Cq;!gasification reaction. The C02 gasification reaction has been studied

extensively over the last fifty year~~3-27.
Ergun23 proposed a so called single-site oxygen
exchange mechanism for C@ gasification:

co, +co
.A
c
-.*’

+ C(0)

k-1

c(o)*co+

c*

where C* is a vacant carbon active site, and C ( 0 ) is carbon-oxygen surface complex. The
first step (Rl) in the mechanism is the reversible oxygen-exchange reaction and the second
step is the desorption step which generates new active sites for gasification. From the
above mechanism, the reaction rate can be expressed as:
k; * c*-Pco2
r=
Pco*
P,, +1

h. +b.
k,

k,

where C* is the concentration of active sites, and P c o 2 and Pco are the partial pressures
of C02 and CO, respectively. From the proposed mechanism, it can be seen that during

Cq;!gasification, some CO is produced and oxygen surface complexes are formed. These
oxygen complexes can play a significantrole in the reduction of NO, as the earlier work in
this laboratory has shown.
As an alternative to the above, Koenig et al.28929 proposed a mechanism involving

a two site adsorption and dissociation of C@ :
c0*+2c*-*c**
k-3

c** v * c ( o )
+ C(C0)
c ( c o ) ~ ~ c * + c o
C(O)+CO
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where C* and C** are a single active surface site and a two-site surface complex,

respectively, and C(0) and C(C0) are surface complexes. The f i s t two steps (R3)and

(R4) represent the formation of surface complexes and steps (R5)and (R6) are the

desorption steps.
Both mechanisms show a formation of CO and surface complexes during the (2%

gasification, as is required by the data. The difference between mechanisms is that in the
two site oxygen exchange mechanism, the formation of two types of surface complexes are
proposed. As noted above, we earlier showed that addition of even small amounts of CO
(100 ppm) increases the reduction of NO significantly, and of course CO is also a product

of the C02 gasification reaction. What is less clearly established is how the presence of

surface oxides from C02 gasification affects the reaction rate, though the results of Figure

4 imply that in certain regimes they may have little effect. The biggest unknown is the

effect of differences in the active sites. These are only qualitatively represented in the above
mechanisms, and perhaps represents the biggest gap in our knowledge of these reaction
systems. The difference in active sites has shown itself in the results of TPR in C02.

At the moment, we feel that the most probable reason why we did not see any effect

of low concentration C02 inhibition in the case of Wyodak coal char and resin char is the

low temperature evolution of CO.In the last quarterly report we showed that even small
amounts of CO (50 ppm) increases the reduction of NO significantly. If the evolution of
CO from some types of active sites starts below the temperature of the main gasification

process, then it could influence the rate of reduction of NO. Only when C@ concentrations
get very high does the inhibition effect, due to active site blockage, overtake the CO
reaction effect. These results show that the interpretation of fixed bed reactor experiments is
very difficult because the reaction products formed at the beginning of the bed act as a

reactants at the end of the bed.
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5. Plans for the Upcoming Quarter
Experiments will be continued, using the packed bed reactor. The NO reduction by
CO on quartz surfaces and on carbonaceous materials will be studied further during the

next quarter, since these kinetics have not yet been fully explored. As noted above, the
issues with respect to C02 have also not yet been fully resolved, and will be the subject of

further work. Then attention will be turned to the influence of other added gas components
on NO reduction rate. These added components will include those normally expected to be

present in combustion products, in addition to CO and C02, including low levels of 02,
and moderate levels of H20. The influence of oxygen on the NO-carbon reaction will
receive particular attention. In addition, the mechanistic implications of the results obtained

to date will be examined.
Hopefully, the quantitative routines of TGA/FTIR system will be fixed and some
experiments will be performed with this system.
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Figure 1. The effect of CO2 on the kinetics of the NO-graphite reaction.
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Figure 2. The effect of C02 partial pressure on the NO reduction by
graphite. All tests were performed at 800°C in a fixed bed reactor.
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