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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. 1), in recent years the emissions of N2O 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 N2O problem. This is in part because earlier estimates of

the importance of N2O in combustion processes were clouded by artifacts in sampling

which have now been resolved9. This project is concerned with the mechanism of

reduction of both NO and N2O 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 combustion10. This has been recently supplemented by the knowledge

that heterogeneous reaction with carbon can also play an important role in reducing

emissions of N2O2,6,7, but that the NO-carbon reactions might also contribute to

formation of N2O2,8. The precise role of carbon in N2O 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 N2O formation and reduction still has to be

improved"8. The same can be said of the NO-carbon system.

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 N2O with char is probably too



slow 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 environment11.

The possibility of reburning 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 N2O from

these systems, since the N2O 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 DeNOx-type processes has been

explored12. Their possible roles as catalyst supports have also been examined13,14. The

use of activated carbons for NO removal has been studied12,15,16. 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 processing17,18,19,20.  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 material for reduction of NO21,22.

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 of CO, CO2 and O2 on this reaction, and found that carbon monoxide and oxygen



enhanced the rate whereas carbon dioxide inhibited the rate. The same general

experimental strategy was employed here to further examine the effects of CO on the

kinetics of the NO-carbon reaction at different temperatures and using different

carbonaceous materials.

 A quartz packed bed reactor tube of 4 mm internal diameter and 500 mm overall

length was used.  Generally, a bed of 20-500 mg (in a predetermined length of 1-50 mm)

of carbon or 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. During

the reactivity measurements, the product gases were continuously analyzed for NO and

NO2 using a chemiluminescence analyzer.

To test the importance of NO reduction by the quartz reactor tube and the quartz

wool, blank runs were conducted by passing NO mixtures (not containing CO) over the

bed materials at different temperatures. The results showed no significant NO reduction

(<1%, 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 CO-NO reaction may be catalyzed by char and also by the quartz tube26. The

quartz catalyzed NO reduction by CO might be important process in our system, because

the contact times for the reactants with quartz are much longer than the contact times with

char. Johnsson et al.25 observed that the relative influence of NO-CO reaction catalyzed

by quartz to the NO-CO reaction catalyzed by coal char is typically 10% to 50%,

depending on reaction conditions. The CO concentrations in his experiments varied in the

range from 2500 ppm and 3%, in our experiments we were concerned with much lower

CO concentrations, typically below 200 ppm. To test the importance of NO/CO reduction

by the quartz reactor tube and the quartz wool, blank runs were conducted by passing

NO/CO (100 ppm NO and 300 ppm CO) mixtures over the bed materials at different



temperatures. The tests showed no significant NO reduction at temperatures below

1000_C.

The reactor containing the carbon bed was outgassed prior to each run by a one

hour vacuum pumping at room temperature. This was followed by thermal surface

cleaning of the carbon (at 1000_C for 1-2 hours in He) to remove surface oxides. Nitric

oxide/helium mixtures of the desired concentration levels were prepared using a KIN-TEK

precision calibration system. The desired NO/He or NO/CO/He mixtures (10-300 ppm of

NO in He or He/CO) were obtained by controlling the flow rate of helium (usually 100

ml/min) or He/CO, and both the absolute temperature of the permeation membrane and

the NO partial pressure in the KIN-TEK calibration system. In experiments in which the

effect of CO concentration was explored, the desired CO concentration (50-500 ppm of

CO in NO/He mixture) was obtained by preparing a desired CO/He mixture and then

controlling the flow rate of the CO/He mixture added to the flowing NO/He mixture.

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

-196_C using an Autosorb-1 instrument (Quantachrome Co.). Prior to surface area

analysis, all samples were outgassed in vacuum at 400_C for at least 4 hours.

The carbonaceous solids studied were resin char, graphite, pulverized coal

combustion fly-ash and Wyodak coal pyrolysis char. The resin char samples (180-290µm

particle size) were derived from phenol-formaldehyde resins made in-house. The coal char

(150-212µm) 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 1000_C. The graphite (180-290µm) was prepared

from graphite rods. None of these samples was treated any further, except for surface

cleaning.

3. The Kinetics of NO Reduction by Carbon in the Presence of Carbon Monoxide

3.1 Introduction



One of the most important environmental problems is the minimization of

pollutants from industrial boilers and from vehicle engines. The combustion products

typically contain CO, CO2, H2O, NOx, and sometimes SO2. All of these gases affect how

the flue gas cleanup processes can be carried out. To develop more efficient cleanup

processes the effects of coexisting gases on the proposed processes must be considered.

The presence of other gases can significantly modify the reaction scheme.

The purpose of our study is to determine the effects of coexisting gases on NO

reduction by carbons. There have been only a few systematic studies concerning these

effects. Generally, O219,35 and CO27,36,37 appear to enhance the rate of reduction of

NO, whereas the reaction has been reported to be inhibited by water vapor36, at least in

the high temperature region. In the 8th quarterly report we showed that the presence of

CO2 inhibited the reduction of NO by graphite. In the last quarter we reported that the

reduction of NO was significantly enhanced in the presence of oxygen. During this

quarter, the effect of low concentrations of CO on reduction of NO was further

investigated.

The presence of CO has been noted to have significant effect on NO reduction.  In

the high temperature regime, added CO has been noted to enhance the NO-carbon

reaction rate32,36. It has been hypothesized27,36 that CO can assist by removing oxides

from the surface of the carbon, by the well-known process that may be represented as:

CO + C(O) ---> CO2  +  C* (R1)

where C(O) represents a surface carbon oxide, and C* represents a “free” site, active

towards NO reduction. The effect of CO has been seen to decrease with increasing

temperature, in the high temperature regime36. This would be expected, since the

desorption processes involving the surface oxides themselves would be expected to be

promoted by higher temperatures. Recently, however, there has been serious questioning

of whether the above reaction of CO with surface oxides is of any significance (in the O2

gasification system)38.



There is the possibility that CO may play another mechanistic role as well, since it

is well established, vide infra, that there are surface-catalyzed routes that involve no

surface carbon oxides:

CO + NO ---> CO2 + 1/2 N2 (R2)

The role of carbon as a catalyst for this reaction has yet to be clarified. It should be noted

that there are numerous reports of surface catalyzed reactions between NO and CO (and

H2), thought to be catalyzed by char27,46, iron oxide and transition metal oxides39,47 ,

carbon supported alkali40,48, limestone41, alumina42, and quartz43. The fact that such

possibilities exist must be accounted for in careful studies of the effect of added CO.

The fact that CO enhances the rate of reduction has some interesting consequences

for reduction of “pure” NO by carbon, inasmuch as CO is a product of the reaction. It is

now believed that reactions with CO might in some situations cloud the interpretation of

nominally “pure” NO kinetic studies. This issue will be discussed in the next section.

3.2 Apparent Order for NO Reduction in Fixed Bed Reactors

The majority of literature on the kinetics of the NO-carbon reaction supports the

view that the reaction is very nearly first order with respect to NO, see Table 1. Also our

TGA results support first-order kinetics, see Figure 1; the slope of curve determines the

reaction order. There are, however, enough exceptions to this conclusion that the question

of true order must still be regarded as unresolved. There have been several studies that

firmly claim fractional order23,24,25,37,44, see Table 2. Moreover, there is a suggestion

that the order may depend upon NO concentration37.

An important aspect of this problem has been noted above, in connection with the

fact that CO is both a product of NO reduction, and a reactant. There are sometimes large

differences between the CO/CO2 product ratios reported by different workers. A summary

of data from the literature is shown in Figure 2. Generally, the ratio of CO to CO2 has

been observed to start out at values less than unity at low temperatures, and to increase



monotonically with temperature24,26,28,32,45, just as in the case of carbon gasification

by oxygen. Figure 2 illustrates that there has been a wide range of behavior reported, and

there is no clear explanation for the differences at present. It has also been noted that the

CO/CO2 ratio is a decreasing function of residence time, in fixed bed reactor work44.

This implies sequential reaction of CO, as expected from the above observation that the

addition of CO generally enhances the reduction of NO on carbons.

The above has led to concerns about possible misinterpretation of fixed bed

results, in which CO that is a product in the early part of the bed, reacts later in the bed

with NO. This was the basis of a recent model which predicted precisely this behavior49.

The model was based upon the still debated reduction of surface oxides by CO (reaction

(R1), above), and did not include the surface catalyzed reaction (R2). A revised version of

the model will be presented shortly. Such a model requires considering explicitly the

kinetics of NO reduction by CO. The role of CO in the reaction processes is still not

clearly defined. An empirical approach must be adopted at this time.

3.3 Determination of apparent reaction orders from fixed bed reactor experiments

The integral method was used in data analysis, where the measured fractional

conversions and initial concentrations were used in tests of proposed mathematical

formulation of the reaction rate function. The proposed rate expression has the form

r = k 1 ⋅ C NO

n (1)

Using the design equation for a fixed bed reactor and the assumed rate expression we get

τ = 
V R ⋅ ε 

V o 

= C NO , o 

dX NO

− r NO0 

X 
NO

∫ = C NO , o 

dX NO

k 1 C NO , o 

n 
⋅ ( 1 − X NO ) n 

0 

X 
NO

∫ (2)

where τ is the residence time, VR is the reactor volume, ε is a bed void fraction, Vo is a

volumetric flow rate, CNO,o is the initial concentration of nitric oxide, XNO is the

fractional conversion of NO, rNO is the reaction rate, n is the reaction order with respect



to NO (n_1) and k1 is the reaction rate constant. Integration of Eq. 2. gives a relation

between the initial concentration and fractional conversion of NO

C NO , o 

n − 1 
= 

1 

( 1 − n ) ⋅ k ⋅ τ 
1 − ( 1 − X NO ) 1 − n [ ] (3)

By taking the logarithm of both sides we get

ln[ C NO , o ] = 
1 

( 1 − n ) 
ln[ ( 1 − n ) ⋅ k ⋅ τ ] − 

1 

( 1 − n ) 
ln 1 − ( 1 − X NO ) 1 − n [ ] (4)

A plot of  ln 1 − ( 1 − X NO ) 
1 − n [ ]  vs. ln[ C NO , o ]  should give a straight line and from the slope

we can determine the reaction order

n = 1 + Slope (5)

Reaction orders for NO reduction, using different carbon materials have been determined

in packed bed reactors, and are given in Table 2. From our data, it has been concluded

that the reaction order decreases with reactivity; for graphite, the reaction order is close to

unity, whereas for Wyodak coal char reaction order is 0.36. The literature data also

indicate that the reaction order for coal char is approximately 0.5. It is believed that the

correlation with reactivity is a consequence of the higher rate of generation of CO by the

more reactive materials, see Table 2.

3.4 The Kinetics of NO/CO Reduction by Carbon

3.4.1 Reaction orders

It has been suggested based upon experiments in which CO was added in the feed

gas, that the surface-catalyzed reduction of NO by CO ranges from 0.18 to 0.43 order in

NO and 0.38 to 0.53 in CO, for a CO concentration range measured in percent25, see

Table 3. On the other hand, it was implied that the CO dependence approaches zero order

at concentration levels of 700 ppm or less25. This latter range may be more appropriate

for experiments involving CO that is present only due to NO reduction. A weak

dependence on CO concentration was also noted in one other case, though in that study a

stronger dependence was noted with another char (the comparison in this latter case was



complicated by the fact that the experiments were not performed at the same temperature,

and it was implied that the CO plays a more important role at lower temperatures)24.

In order to resolve the apparent inconsistencies concerning reaction order with

respect to NO, experiments have recently been performed aimed at explaining how the

nature of the kinetic experiments can lead to apparent orders different from unity. When

tested at 800_C, the graphite gave an apparent reaction order of very nearly unity (0.95),

for NO partial pressures ranging from 20 to 100 ppm (see Figure 3). A first order reaction

should of course show no dependence of NO conversion on NO inlet concentration. A

deviation from first order behavior was only observed at very low NO concentration. It is

observed that when NO pressure gets very low, that the time to pseudo-steady state

becomes much longer. It might be that pseudo-steady-state was not achieved during this

particular experiment.

The results for a series of  experiments in which 275 ppm CO and 255 ppm CO2

were added to the feed are also shown in Figure 3. The apparent NO reaction order from

the experiments with added CO is 0.56. Variation of the CO level from 50 to 150 ppm

showed the reaction to be near zero order in CO concentration. The conclusions however

support the view that even very low levels of CO can affect observed reaction order and

kinetic constants significantly.

Thus low levels of CO can have a dramatic effect on the rate of the NO reduction

process. Artifacts may be expected in experiments in which there is extensive contact  in

the reactor between the product CO and the primary reactants. This does not mean that

near-first order behavior cannot be expected from a fixed bed reactor (Figure 3 shows it is

possible for graphite), but that this type of device might be particularly prone to artifacts

when operated such that there are significant levels of CO achieved in the bed (i.e., with

reactive materials). This could in some cases lead to an erroneous conclusion of fractional

order kinetics for the NO-carbon reaction itself, as noted in Figure 3.



3.4.2 Temperature Dependence of the Char Catalyzed NO/CO Reaction

We see strong support for the position that reports of fractional order kinetics with

respect to NO partial pressure may be artifacts of performing the reaction in CO-

containing atmospheres. The CO itself may be generated as a product of the reaction of

NO with carbon:

NO + C  --> CO (CO2) +  N2 (R3)

This reaction may be followed in a packed bed (in which products contact the reactive

medium further) by:

CO + NO --> CO2 + 1/2N2 (R2)

The reaction (R2) is surface catalyzed. In this case, the largest surface is provided by the

carbon in the reactor itself. The reaction rate expression should in this case contain two

terms

r = k 1 ⋅ P NO

n 
+ k 2 ⋅ P NO

m 
⋅ P CO

l (6)

where k1 and k2 are reaction rate constants for reactions (R3) and (R2), respectively, and

n, m and l are reaction orders with respect to NO, NO and CO, respectively. The apparent

order with respect to NO may easily be fractional, in such a case. The reason that the

effect of product CO is not seen in the experiments with graphite might be that the

graphite is very unreactive, and the partial pressure of the CO product would be quite low

throughout the packed bed.

During this quarter the main focus was on determining the temperature

dependence of NO/CO-carbon reaction. This basically allows us to determine the rate

constant k2 in Equation 6. Previously we have determined values for k1, which are

different in different temperature regimes. The value of the parameter n has been

concluded to be near unity and with the limited data available at present it appears as

though l can be taken as close to zero under most conditions. We evaluated the reaction

order m by subtracting the "pure" NO-graphite reaction rate constants from the NO/CO-

graphite reaction rate constants at different NO partial pressures and then conducting the



reaction order analysis using Equation 4. It turns out using data from Figure 3 that the NO

pressure dependence during the NO/CO-graphite reaction is weak, m=0.13. Thus the only

undetermined constant in Equation 6 is k2.

Figure 4 shows the kinetics of the NO-Wyodak coal char and the kinetics of NO

reduction on the same char, in the presence of a significant amount of added CO. The

reaction rate constant is expressed on a mass of carbon reactant basis, in both cases. In the

case of the work on the effect of CO, the mixture contained 70 ppm of NO in 400 ppm

CO, balance helium. Clearly, even this small amount of CO modifies the NO reduction

kinetics. The major difference is that there is no clear "break" point in the kinetics of the

NO/CO-Wyodak coal char reaction. The activation energy of the NO/CO-Wyodak coal

char reaction is between those for the high and low temperature regimes of the NO-

Wyodak coal char reaction in the absence of CO.

Since Equation 6  implies that there are two reactions occurring simultaneously, in

order to get the actual kinetic data for the Wyodak char catalyzed NO/CO reaction, it is

necessary to subtract the "pure" NO-Wyodak coal char reaction rate constants from

NO/CO-Wyodak coal char reaction rate constants. Figure 5 shows the result of the

subtraction as an Arrhenius plot giving an activation energy of 132 kJ/mol.

Figure 5 shows that the highest temperature point does not fit the trend obtained

from the remaining points. There are two possibilities as to why this point is not on the

curve. First, there might be a mass transfer problem at high temperatures. If the reaction is

surface catalyzed, the CO and NO must be able to reach the surfaces of the char. The pure

NO reaction shows no evidence of a mass transfer limitation, but it is a slower reaction.

The leveling off of reaction rate in the NO/CO case could suggest depletion of CO within

the particle.

Another reason that the high temperature point could fail to fit the trend is that the

concentration of CO as a product of the NO-carbon reaction might become high enough

so as to affect the NO-carbon reaction kinetics to the same degree as does the added CO.



This latter explanation does not appear to be as likely, since in the case of this and the

other systems to be presented later there did not appear to be strong evidence of

autocatalysis in the "pure" NO case. The autocatalysis must be present, however, in light

of the results on apparent order in Table 2.

The exit concentrations of CO in the pure NO reaction situations have not yet been

measured. The exit CO concentration can be calculated from [CO] = [x/(2+x)]f [NO]0,

where x is the CO to CO2 molar ratio, f is the conversion of NO and [NO]0 is the inlet

concentration of NO. If an estimate of CO to CO2 ratio of about 3 is taken on the basis of

Figure 2, then [CO] is at least of order 20 ppm. Of course the measured product ratios

from a fixed bed reactor would already be expected to be influenced somewhat by the

occurrence of reaction (R2), and the initial value of x might be somewhat higher,

approaching as a limit f[NO]0.

Similar experiments as shown on Figure 4 for Wyodak coal char were performed

for graphite and resin char. The results are shown in Figure 7. Again the NO-carbon

reaction rate constants were subtracted from NO/CO-carbon reaction rate constants and

the results on N2 BET surface area basis are shown on Figure 6. Interestingly, graphite

and Wyodak coal char show similar reactivities on a surface area basis, whereas they have

very different porous structures. The NO/CO-resin char reaction has much lower

activation energy (54 kJ/mol) and also the scatter of data is much larger. These data imply

a possible role of mass transfer, in this case. There are three experimental facts that

support why  the NO/CO-resin char reaction might be mass transfer limited. At low

temperatures the resin char reactivities are quite close to those of Wyodak coal char. At

temperatures above 650_C the reaction rate is becoming much lower, possibly because it

is mass transfer limited. Second, the porous structure of Wyodak coal char and resin char

are different. Third and most important, most of the resin char reactivities were measured

at higher temperatures. At high temperatures mass transfer role becomes more important.



To get a better understanding of the differences in porous structure of resin char

and Wyodak coal char, N2 adsorption experiments were performed with those materials.

From adsorption isotherms the pore size distribution was calculated using the method

proposed by Barrett, Joyner and Halenda50, see Figure 8. The N2 BET surface areas of

resin char and Wyodak coal char are 51 m2/g and 124 m2/g, respectively. Figure 8 tells us

that the difference in surface area comes only from mesopores, the micropore and

macropore surface areas are very similar. This led us believe that the access of NO or CO

to micropores may be limited during the NO/CO-carbon reaction in the case of the resin

char. There are no mesopores to feed micropores, in that case. Therefore we believe that

reaction might become mass transfer limited at high temperatures. To clarify the role of

mass transfer, an effectiveness factor analysis is needed for the NO/CO-carbon reaction. It

is assumed that the NO/CO-carbon reaction occurs over the entire surface area, except,

when reaction is mass transfer limited. A suitable model of transport in two different

ranges of pore sizes is needed. A preliminary analysis with a single average pore size is

shown in Appendix A. It is inconclusive, in that it does not clearly identify a difference in

the two samples. A better model is clearly needed.

3.5 Model for NO-Carbon Reaction in the Presence of CO

A simple model for NO-carbon reaction in the presence of CO was proposed in

previous section (Eq. 6):

r = k 1 ⋅ P NO

n 
+ k 2 ⋅ P NO

m 
⋅ P CO

l (6)

All constants in this equation have been experimentally determined and the validity of this

equation can be evaluated against other experimental data. The following is the list of

constants earlier derived:
n = 1 

m = 0 . 13

l = 0 . 04

Other constants are needed as well. The k1 were obtained earlier:



For graphite (transition temperature 800_C):

k 1 = 6 . 2 ⋅ 10 15
⋅ exp − 

40909 

T 
 
 

 
 
 in the high temperature region

k 1 = 433 ⋅ exp − 
9321

T 
 
 

 
 

in the low temperature region

The value of k2 is obtained from Figure 6:

k 2 = 6 . 91 ⋅ 10 6 
⋅ exp − 

16956 

T 
 
 

 
 

For Wyodak coal char (transition temperature 625_C):

k 1 = 6 . 5 ⋅ 10 8 
⋅ exp − 

22754 

T 
 
 

 
 

in the high temperature region

k 1 = 25 ⋅ exp − 
7398

T 
 
 

 
 

in the low temperature region

k 2 = 1 . 27 ⋅ 10 6 
⋅ exp − 

15875 

T 
 
 

 
 

For resin char (transition temperature 725_C):

k 1 = 8 . 27 ⋅ 10 6 
⋅ exp − 

21463 

T 
 
 

 
 

in the high temperature region

k 1 = 14. 3 ⋅ exp − 
8161

T 
 
 

 
 

in the low temperature region

k 2 = 17. 9 ⋅ exp − 
6513

T 
 
 

 
 

all reaction rate constants are given in units of gNO/m2/hr/atm-NO.

To verify the accuracy of this model, we first tried to predict the overall reaction

order with respect to NO when CO was present. The model calculations were performed

at 800_C with graphite, where NO concentration was varied between 20 and 100 ppm,

and added CO concentration was 200 ppm. Figure 9 shows a plot of ln (-r) vs. ln PNO for

different values of l. The slope of those curves gives the apparent overall reaction order.

The overall reaction order varied between 0.85 and 0.57 when n values varied between 0

and 0.3. The value 0.57 is very close to the experimentally determined value (0.56), but

the l value used to get this reaction order was 0.3, not 0.04 as earlier experimentally

found. This suggests that the CO concentration dependence is weak, but not as weak as

we proposed earlier. Sensitivity of apparent order to the value of l is great, and the



experimental determination of order had some scatter. Thus it is difficult to assign a value

to l  with great confidence, except to say that it must be low.

Next the temperature dependence of the overall reaction order was explored. For

resin char we experimentally found that the reaction order increased slightly with

temperature, see Table 2. The model calculations were performed with graphite, where

NO concentration was varied between 20 and 100 ppm, and the added CO concentration

was 200 ppm. The model calculations show that the temperature dependence of the

apparent reaction order is stronger than expected and that the curve goes through a

minimum at around the transition temperature, see Figure 10. This kind of behavior is

expected because the NO-graphite and NO/CO-graphite reaction rates are similar in the

temperature range tested and also because the activation energy of the NO/CO-graphite

reaction is between those for the high and low temperature regimes of the NO-graphite

reaction in the absence of CO.

During the above exploration of temperature dependence, we held the CO

concentration constant, but as we know from Figure 2, CO concentration increases with

temperature. To get an idea of how great the variation in the apparent reaction order is

when CO concentration is varied, other model tests were performed at 800_C where the

CO and NO concentrations were varied between 20 and 200 ppm, and 20 and 100  ppm,

respectively. Obviously, there is no CO dependence when l =0, see Figure 10. Comparison

of Figures 10 and 11 shows that even at l =0.3 the change in reaction order due to CO

concentration is smaller than the change due to temperature. So, the temperature effect

dominates the variation in order.

At the same time, it is seen that as CO concentration decreases, the apparent order

increases. This must be the case, since the fixed bed reactor results with no added CO

gave near unity apparent order. It is unclear, in the case of a very unreactive material with

respect to the NO- carbon reaction, whether CO depletion in the bed will dictate the



dominance of the first term of Equation 6, and drive the apparent order even closer to

unity. Measurements of the CO/CO2 ratio will reveal whether this is the case.

Similar model calculations, to predict the overall apparent reaction order with

respect to NO, were performed for the other carbonaceous materials. The model

calculations were performed at 700_C and at 800_C with Wyodak coal char and resin

char, respectively. Again, the NO concentration was varied between 20 and 100 ppm, and

added CO concentration was 200 ppm. In Figure 12 and 13 we have plotted ln (-r) vs. ln

PNO for Wyodak coal char and resin char, respectively, using different values for l. The

reaction orders for those chars are almost the same at the same l  values. The overall

reaction orders for Wyodak coal char are much higher than expected based on

experimental results (compare Figure 12 and Table 2). The expected reaction order for

resin char (0.67) is close to the predicted value (0.74) when l =0.3. Thus the current

model is able to roughly predict the correct reaction orders for two chars with different

reactivities but fails for a third. The model fails to predict that the reaction order decreases

with the reactivity. This may be compensated for by decreasing the value of n with

reactivity. It seems that the value of n is close to unity for graphite and resin char, but to

achieve an apparent reaction order of 0.36 for Wyodak coal char when l =0.3 the value of

n should be 0.7. This can be checked by experiments in the TGA, in which the role of the

NO/CO reaction is minimized.

Work with the model for NO-carbon reaction in the presence of CO will continue

during the next quarter.

4. Plans for the Upcoming Quarter

Experiments will be continued, using the packed bed reactor and TGA/FTIR

system. The mechanistic aspects of NO/O2 carbon reaction will be studied using

TGA/FTIR system. The effects of O2 on NO-carbon reaction at temperatures below

400_C will be studied in a fixed bed reactor. Then attention will be turned to the aspects



of the thermal annealing process in Wyodak coal char. Work with the model for the NO-

carbon reaction in the presence of CO will continue during the next quarter. In addition,

the mechanistic implications of the results obtained to date will be examined.

5. References

1. Johnson, G.M., Smith, M.Y., Mulcahy, M.., 17th Symp. (Int.) on Comb., Combustion Institute, 647

(1979).

2. deSoete, G.G. 23rd Symp. (Int.) on Combustion,  The Combustion Institute, 1257 (1990).

3. Aho, M., Rantanen, J., and  Linna, V., Fuel,  69, 957 (1990).

4. Aho, M. and  Rantanen, J.,  Fuel,  68, 586 (1989).

5. Houser, T., McCarville, M., and Zhuo-Ying, G.,  Fuel,  67, 642 (1988).

6. Wojtowicz, M., Pels, J., Moulijn, J., Proc. 1991 Int. Conf. Coal Sci., p 452, Butterworth, Oxford, 1991.

7. Wojtowicz, M., Oude Lohuis, J., Tromp, P., Moulijn, J., Int. Conf. Fluid. Bed Comb., 1013, 1991.

8. Åmand, L., Leckner, B., and Andersson, S., Energy and Fuels, 5, 815 (1991).

9. Muzio, L. and Kramlich, J., Geophys. Res. Lett., 15, 1369 (1988).

10. Pereira, F., Beer, J., Gibbs, B.  Hedley, A., 15th Symp. (Int.) on Comb., Combustion Institute, 1149

(1975).

11. Hahn, W. and Shadman, F., Comb. Sci. and Tech., 30, 89 (1983).

12. Hjalmarsson, A.M., NOx Control Technologies for Coal Combustion, IEA Coal Res. Rept. IEACR/24,

1990.

13. Inui, T., Otowa, T., and Takegami, Y., I &EC Prod. Res. Dev., 21, 56 (1982).

14. Stegenga, S., Mierop, A., deVries, C., Kapteijn, F., and Moulijn, J., Proc. 19th Biennial  Conf. on

Carbon, p. 74, The American Carbon Society, 1989.

15. Mochida, I., Ogaki, M., Fujitsu, H., Komatsubara, Y., and Ida, S., Fuel, 64, 1054 (1985).

16. Richter, E., Kleinschmidt, R., Pilarczyk, E., Knoblauch, K., and Juntgen, H., Thermoch. Acta, 85, 311

(1985).

17. Lai, C.-K. S., Peters, W. A. and Longwell, J. P., Energy & Fuels, 2, 586(1988).

18. Illán-Gómez, M., Linares-Solano, A., Salinas-Martinez , C., Calo, J.M., Energy and Fuels, 7, 146

(1993).

19. Yamashita, H., Tomita, A.,Yamada, H., Kyotani, T., and  Radovic, L, Energy and Fuels, 7, 85 (1993).

20. Okuhara, T. and Tanaka, K., J. Chem. Soc., Faraday Trans.-1, 82, 3657 (1986).

21. Taylor, R.W. and Morris, C.J., ACS Div. Fuel Chem. Prepr., 29(3), 277 (1984).

22. Personal Communication, Prof. I. Opik, May, 1992.

23. Schuler, J., Baumann, H., and Klein, J. 1987 Int. Conf. Coal. Sci., p. 857, Elsvier, (1987).



24. Rodriguez-Mirasol, J.,Ooms, A.C., Kapteijn, F., Moulijn, J.A., Combustion and Flame, 99, 499

(1994).

25. Johnsson, J.E., and Dam-Johansen, K. 11th International Conference on Fluidized Bed Combustion.

p. 1389, New York, (1991).

26. Berger, A., and Rotzoll, G., Fuel, 74, 452 (1995).

27. Chan, L. K., Sarofim, A. F. and Beer, J. M., Combustion and Flame, 52, 37/45 (1983).

28. Furusawa, T., Kunii, D., Osuma, A. and Yamada, N., Kogaku Kogaku, 1978, 6, 562, or International

Chemical Engineering, 20, 239(1980).

29. Suuberg, E. M., Teng H. and Calo, J. M., Energy and Fuels, 6, 398 (1992).

30. Suuberg, E.M., Combust. Flame 50, 243 (1985).

31. Song, Y.H., Beer, J.M., and Sarofim, A.F., Comb. Sci. and Tech., 25, 237 (1981).

32. Tian, Y., Ph.D. Thesis, Essen, 1993.

33. Edwards, H.W., AIChE Symp. Ser. No. 126, Vol. 68, 91 (1972).

34. Bedjai, G., Orbach, H.K., and Reisenfeld, F.C., Ind. Eng. and Chem, 50, 1165, 1958.

35. Suzuki, T., Kyotani, T., and Tomita, A., Ind. Eng. Chem. Res., 33, 2840, (1994).

36. Levy, J., Chan, L., Sarofim, A.F., Beér, J.M., '18th Symp. (INT.) on Comb.', The Combustion

Institute, 1981, 111.

37. Johnsson, J.E., Fuel, 73, 1398, (1994).

38. Brown, T.C. and Haynes, B.S., Energy and Fuels, 1992,  6, 154.

39. Shelef, M., Otto, K., and Gandhi, H., J. Catalysis,1968,  12, 361.

40. Kapteijn, F., Mierop, A., Abbel, G., and Moulijn, J., Proc. Carbon 84, 1984, p. 60.

41. Tsujimura, M., Furusawa, T., and Kunii, D., J. Chem. Eng. Japan,1983,  16, 132.

42. deSoete, G., VDI-Berichte, 1983, 489, 171.

43. Wittler, W., Schütte, K., Rotzoll, G., and Schügerl, K., Fuel, 1988,  67, 438.

44. Schuler, J., Baumann, H. and Klein, J., Erdol und Kohle-Erdgas, 1988,  41, 296.

45. Suuberg, E. M., Teng H. and Calo, J. M., ‘23rd Symp. (Int.) on Comb.’, Combustion  Institute, 1991,

p.1199.
46. Furusawa, T., Tsunoda,M., Tsujimura, M., and Adschiri, T. Fuel, 1985, 64, 1306.

47. Shelef, M. and Otto, K., J. Coll. Int. Sci., , 1969, 31, 73.

48. Kapteijn, F., Mierop, A., Abbel, G.,  and Moulijn, J.A., J. Chem. Soc. Comm.,  1984, 1085.

49. Calo, J.M. and Suuberg, E.M., ‘Proceedings- 22nd Biennial Conf. on Carbon’, Amer.  Carbon

Society, 1995, p. 618.

50. Barrett, E.P.,Joyner, L.G., and Halenda, P.P., J. Amer. Chem. Soc., 73, 373, 1951.



Table 1. Reaction orders for NO-char reaction.

Materials Reaction order Activation

energy

Reference

[kJ/mol]

Resin char 1.0

(500-750_C)

180 (h)

63-88 (l)

[29]

(TGA)

Montana lignite coal

char

1.0 168(h)

62 (l)

[27]

Graphite 1.0 239 (h) [27]

Taiheiyo coal char 1.0 245 (h)

68 (l)

[28]

Activated carbon 1.0 181 (h)

63.5 (l)

[28]

Montana lignite coal

char

1.0 137 (h) [31]

High-volatile

bituminous coal c.

1.0 167.7 (h) [32]

Demineralized high-

volatile bituminous

coal c.

1.0 151.8 (h) [32]

Low-volatile

bituminous coal c.

1.0 154 (h) [32]

Demineralized low-

volatile bituminous

coal c.

1.0 138.1 (h) [32]

Graphon 1.0 86.6 (h) [33]

Resin char 1.0

(600_C)

135 (h)

40 (l)

this study

(TGA)



Table 2. Reaction orders for NO-char reaction determined in packed bed reactors.

Materials Reaction order Activation

energy

Relative

reactivities at

800_C

Reference

[kJ/mol] [gNO/gC•hr•atm

]

Wyodak coal char 0.36 (650_C) 198.1 (h)

38.1 (l)

450* this study

Resin char 0.77

(550_C)

0.73

(750_C)

0.67

(800_C)

168.0 (h)

26.9 (l)

3.5 this study

Graphite 0.95

(800_C)

185-221(h)

53-79 (l)

0.7 this study

Coconut char 0.5

(650_C)

129 (h)

35 (l)

75 (tga result) this study

Lignite coal char 0.23 116 (h) 1810 [24]

Subbituminous coal

char

0.22 111 (h) 520 [24]

High-volatile

bituminous coal c.

0.43 167 (h) 150 [24]

Anthracite char 0.36 181 (h) 100 [24]

Bituminous coal char 0.58 184.6 (h) 300 [25], [37]

Brown coal char 0.52 184.6 (h) 370 [25], [37]

Petroleum coke 0.49 196.2 (h) 65 [25], [37]

High-volatile

bituminous coal c.

0.6 122 (h)

63 (l)

1210* [23], [44]

* - extrapolated



Table 3. Reaction orders for NO/CO-char reaction

Material Reaction order Initial concentration Reference

NO CO NO,ppm CO

Graphite 0.56 0.04 10-150 20-200

ppm

this study

Bituminous coal char 0.43 0.38 100-800 0-3% [25]

Brown coal char 0.39 0.53 100-800 0-3% [25]

Petroleum coke 0.18 0.53 100-800 0-3% [25]

Coal char _0.5 _0 100-800 <700 ppm [25]

Bed material 0.25 0.7 100-800 0-3% [25]

Quartz 1 1 650-1000 0.5-5% [26]
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Figure 1. Reaction rate of resin char in the TGA, showing first order rate (T=
600_C).
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Figure 2. A summary of CO/CO2 product ratios for the NO-carbon reaction.
Open diamonds-resin char, reacted with 10.1 kPa NO26; closed diamonds-
resin char, reacted with 2.02 kPa NO26; closed circles- activated carbon34;
open circles- coal char28; triangles- graphon33; closed squares- graphite32;
open squares- activated carbon32.
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Figure 3. The effect of CO on the apparent order of the NO-graphite reaction.
All tests were performed at 800_C in a fixed bed reactor. Open diamonds-
results in the absence of added CO; closed squares- results in the presence of
273 ppm of CO.
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presence of 400 ppm of CO.
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Figure 5. The difference between the rate constants (on mass of carbon basis)
for NO/CO- Wyodak coal char and NO- Wyodak coal char reactions.
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Figure 8. The pore size distribution calculated using the method proposed by
Barrett, Joyner and Halenda (BJH). Open diamonds- Wyodak coal char;
closed squares- resin char.
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Figure 9. The determination of the overall apparent reaction order with
respect to NO using the proposed model. The model calculations were
performed at 800_C for graphite, where NO concentration was varied
between 20 and 100 ppm, and the added CO concentration was 200 ppm.
Open circles- l=0; closed squares- l=0.05; closed circles- l=0.1; closed
diamonds: l=0.2, closed triangles- l=0.3.
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Figure 10. The determination of temperature dependence of the apparent
reaction order with respect to NO using the proposed model. The model
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between 20 and 100 ppm, and added CO concentration was 200 ppm. Open
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for Wyodak coal char, where NO concentration was varied between 20 and
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APPENDIX A

Determination of the effectiveness factor for NO/CO-carbon reaction

Rg= 82.06
Mno= 30

Graphite

Temperature k'' (no/co) ρ A kv R
°C g/m2/hr/atm g/cc m2/g 1/hr cm

650 0.063697 1.5545 1.458 364.484604 0.0275

700 0.2028 1.5545 1.458 1223.31781 0.0275

750 0.50652 1.5545 1.458 3212.40831 0.0275

800 0.80089 1.5545 1.458 5327.59376 0.0275

850 0.38704 1.5545 1.458 2694.59882 0.0275

D1 D2 Thiele Mod1 Thiele Mod2 Eff. Factor1 Eff. Factor2
cm2/sec cm2/sec

2.00E-04 2.00E-03 0.61873693 0.1956618 0.9753739 0.99745703

2.00E-04 2.00E-03 1.13353803 0.3584562 0.9236297 0.99153744

2.00E-04 2.00E-03 1.83688436 0.58087384 0.82914816 0.97820497

2.00E-04 2.00E-03 2.36554926 0.74805236 0.75465215 0.96457735

2.00E-04 2.00E-03 1.68233896 0.53200229 0.85097949 0.98162617

Wyodak coal char

Temperature k'' (no/co) ρ A kv R
°C g/m2/hr/atm g/cc m2/g 1/hr cm

493 0.0011248 1.473 245.1 850.864479 0.019

550 0.0056365 1.473 245.1 4581.05665 0.019

600 0.020628 1.473 245.1 17783.9276 0.019

650 0.039306 1.473 245.1 35827.5299 0.019

700 0.095752 1.473 245.1 92006.1822 0.019

750 0.060857 1.473 245.1 61481.2218 0.019

D1 D2 Thiele Mod1 Thiele Mod2 Eff. Factor1 Eff. Factor2
cm2/sec cm2/sec

2.00E-04 2.00E-03 1.5155497 0.4792589 0.87412498 0.98501484

2.00E-04 2.00E-03 2.98607832 0.94428088 0.67334782 0.9451907

2.00E-04 2.00E-03 4.23833993 1.34028077 0.54111412 0.89761596

2.00E-04 2.00E-03 6.79197155 2.14780999 0.37666671 0.78504471

2.00E-04 2.00E-03 5.55211685 1.75573351 0.44303027 0.84064167



Resin char

Temperature k'' (no/co) ρ A kv R
°C g/m2/hr/atm g/cc m2/g 1/hr cm

600 0.010549 1.2647 65.97 2101.69551 0.0275

650 0.017567 1.2647 65.97 3700.35647 0.0275

700 0.014883 1.2647 65.97 3304.81827 0.0275

750 0.034176 1.2647 65.97 7978.86515 0.0275

800 0.057719 1.2647 65.97 14133.9249 0.0275

850 0.044411 1.2647 65.97 11381.8948 0.0275

D1 D2 Thiele Mod1 Thiele Mod2 Eff. Factor1 Eff. Factor2
cm2/sec cm2/sec

2.00E-04 2.00E-03 1.97146117 0.62343076 0.8100264 0.97501219

2.00E-04 2.00E-03 1.86311746 0.58916947 0.82542382 0.977598

2.00E-04 2.00E-03 2.89492294 0.91545502 0.68468489 0.94824423

2.00E-04 2.00E-03 3.85298959 1.21842229 0.57723639 0.91321628

2.00E-04 2.00E-03 3.45759188 1.09338656 0.61843783 0.92840674


