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Nei ther  t h e  United S t a t e s  nor any agency t h e r e o f ,  nor  
any of  t h e i r  employees, makes any warranty,  expressed 
o r  implied, o r  assumes any l e g a l  l i a b i l i t y  o r  respon- 
s i b i l i t y  f o r  any t h i r d  p a r t y ' s  use  o r  t h e  r e s u l t s  of  
such use  of  any information,  appara tus ,  p r o d u c t . o r  . . 

process  d i sc losed  i n  t h i s  r e p o r t ,  o r  r ep resen t s  t h a t  
i t s  use  by such t h i r d  p a r t y  would no t  i n f r i n g e  p r i v a t e l y  
owned r i g h t s . "  



OBJECTIVE AND SCOPE 

One of 'the major scientific problems confronting society today is the 

reduction and control of air pollutants. The emission of ~ 0 ' a n d  other.oxides 

of nitrogen from various combustion devices is a serious contributor to that 

pollution. The sourcd of NO duri;ng the combustion process may. be atmdspheric 

nitrogen or nitrogen-containing compounds in the fuel. In order' to predict 

NO emission for the formulation of suitable analytical models, it is necessary 

to have accurate kinetic data and.a reasonable~reaction.mechanism for the forma- 

tion of NO. 

The objective of this research program is to obtain kinetic and product 

distribution data from.which a mechanism may be proposed for the formation of 

NO from fuel nitrogen. Specifically, the kinetics of the pyrolysis and oxida- 

tive pyrolysis of pyrlidiile (since it is representative of the nitrogen-containing 

components of fossil fuels) will .be studied. In addition,. similar oxidative 

studies will be made on quinoline, to determine the extrapolatability of the 

results obtained' with pyridine to 'more coal-like stuctures. The oxidation of 

volatile, nitrogen-containing pyridine pyrolysis'products, e.g. HCN and vinyl- 
. . 

cyanide, will also be carried out to help elucidate .the mechanism of NO forma- 

t ion. 

The experimental approach will involve the use of'a stirred-flow reactor 

to. obtain differential rate data which.wi.11 aid in interpretation of complex 

kinetic data. On-stream mass spectrometric and gas chromatographic monitoring 

of products and reactants as-well as chemil~uninescent and specific ion electrode 

measurements will be used to.obtain the data. 



SUMMARY OF PROGRESS 

Task 1. The study of the oxidation kinetics of pyridine was completed in the 

' temperature range of 9:48 to 1073 K and concentration ranges'of 1.75 to 7..0 mole % 

oxygen; 0.25 to 2.0 mole % pyridine. The rate law that best describes the data 

b 
rate = k(C5H5N) '(02) (~0~)' 

The (A0 ) factor (concentration of oxygen consumed) is necessary to keep the 
2 

data from stratifying according to initial oxygen concentrations and indicates 

autocatalysis is occurring. The temperature dependence of the rate constants 

obtained from this equation is, expressed by 

k = lo14' 7* .'exp (-26600+1600/~) - (llmole see) 

An examination of the volatile nitrogen containing oxidation products 

indicated that at these conditions the yield of HCN 6.about 40 to 60% of the 

reacted pyridine) appeared insensitive to changes in temperature, concentrations 

and equivalence ratio,, and only trace amounts of nitrogen oxides and ammonia 

were found. Fuel rich mixtures produced large amounts of smoke so that a nitro- 

gen balance was not possible but for lean mixtures HCN and N accounted for the' 2 

product nitrogen, within a large experimental uncertainty. An increase in the 

concentrations of reactants to 2% pyridine and 14% oxygen produced a significant 

change in the products with yields of HCN reduced and those of N2, N20 and NO 

increased. These observations clearly indicate a shift in mechanism as the con- 

centrations increase. A few experiments were run to determine the influence of 

H on the rates of pyrolysis and oxidation of pyridine; the results showed no 2 

influence. 

Task 2. The study of the rate and products of oxidation of HCN at lower tempera- 

tures was iaitiated. At 1073 it was found that: (a) HCN was oxidized at a 

measurable rate, Gb). added benzene increased the rate of oxidation at low 

equivalence ratios and reduced it at =a-t-i.os above 0.9, with no. significant -..: 



n i t rogen  oxides produced, (c )  added ace ty l ene  increased  t h e  ox ida t ion  r a t e  

and a l s o  produced NO. 

Mechanism Discussion.  From.the above r e s u l t s  and those  repor ted  e a r l i e r  i t  ' 

i s  c l e a r  t h a t  cond i t i ons  can be found f o r t h e  oxid 'a t ion of h e t e r o c y c l i c  

n i t rogen  compounds t h a t  promote t h e  format.ion of N a t  t h e  expense of NO. 
2 

These cond i t i ons  r e l a t e  t o  both concen t r a t ion  and' temperature and work w i l l  

cont inue t o  b e t t e r .  d e f i n e  ,them. 



DETAILS OF TECHNICAL PROGRESS 

Task 1. 

Task-1 whlch.consists of the stud9 of .the oxidation of .pyridine, was con- 

tlnued with the.compl.etlon of the.experiments.that determined the rate of oxida- 

tion in the temperature range of 948 to 1073 K. A cbmplete .summary of the data 

is given in Table. 1 including the results from -1979 (1) and those from 1980 

reported previously (2). The experiments were repeated primarily to measure 

the formation of HCN over a wide range of conditions and of NO, NH and N2 3 .  

over a more limited set of conditions. Thus, all experiments reporting HCN 

yields; and on$y those, are from the current year. 

In addition, when the previous results were. reexamined.,-an error in the 

flow calibrations for the He10 mixtures was discovered. Correction of the flow 
2 

rates resulted in slightly different reaction times, rates and.initia1 coneen--., 

trations of pyridine in Table 1 than those reported earlier (1). 

The rate equation reported previously (3) still gave the2best description 

of the data over a wide range of fuel rich to lean ratios 

b 
rate = k(C5H5N) '(02) (A02) % (1) 

where (A0 ) is the oxygen. consumed and indicates autocatalysis. Figures 1-6 2 

illustrate the data plotted as rate vs 'the concentration function in equation 

(1) at .'-each temperature. It is believed that the intercepts are about zero, 

within the uncertainties of the data, thus the k values in Table 1 were computed- 

with this'assumption and the averages reported with the standard deviation of the 

mean and the standard deviation of the points, a. These rate constants yield an 

activation energy. for the oxidation of pyridine of 52.8 + 3.2 K cal/mole and log - 

A of 14.7 - + .7, 

An examination of the HCN yields indicates that there appears to be no 

'significant trend with any of the variables, time, temperature or concentrations, 



' . 
! Data Syunarqtt 

Co (mdle % )  time %HCN Fraction Reacted(%). Rate x lo5 CF x 10 
7 

k 

(C5H5N?/ (02) (set) C5M5N O2 (mole/l-sec) (l/mole*sec) 

.1167 

.0982 
-0903 
.I241 
.lo35 
.1873 
.3415 
.4215 
-2355 
.4292 
.3io8 
-2868 
.4959 
.3487 
,6082 
.8152 
-9295 

1.2487 
.7117 

1.2714 
.9281 
.2414 

Average 
u = 



C o  ( m o l e  %) 

(C5H5N) / ( 0 2 )  
t i m e  

(set) 

7 
%HCN Fraction R e a c t e d ( % ) '  R a t e  x l o 5  CF x 1 0  k. 

C5HgN . O2 ( m o l e / l  s e c )  ( l / m o l e  . s e c )  

Average 6 3 3  -+ 31 - 
a = 2 1 3  



time 
(sec) 

%HCN Fraction Reacted(%) Rate x 10' CF x 10 
7 

k 

C5H5N . O2 (mole/l sec) : (l/mole sec) 

Average 1605 - + 92 
o = 530 



Co (mdle % )  time %HCN Fraction Reacted(%) Rate x 10' CF x 10 
7 

k 
(C5H5N)/ (02) (set) C5H5N O2 (mole/l-sec) (l/mole sec) 

-3923 
.2404 
.lo07 
..X093 
.I081 
.I761 
.I791 
.1608 
.2620 
-2864 
-2212 
-4086 
.4320 
-3762 
-6312 
-2060 
-2842 
.6952 

1:. 1070 
1.0060 
.7071 
.4223 

Average 
0 = 



time %HCN 

(sec) 

7 
Fraction Reacted(%) Rate x lo5 CF x 10 k 

Average 405O-t 190 
0 = 1200- 

. . 

Average 10710 + 770 - 
a = 3190 

*CO is the initial is ' the f$$ction 'of reacted pyridine 
'forming HCN, rate is for the consumption of pyridine, CF 9s the best concen- 
tration function to fit the data), (C H N) (02) (do2) and k is the apparent 

\:ti 5 5 .  
rate constant, Rate/CF. . 
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with the exception that at very fuel rPch condrtions (2% pyridine, 1.75% oxygen) 

the yield of HCN was consistently lower. The lack of sensitivity to experimental 

conditions may indicate HCN is also being oxidized, this possibility is being 

investigated. The HCN was the only significant volatile, nitrogen-containing 

product observed for both fuel rich- and lean. mixtures. Only trace and irregular 

amounts of nitrogen ox2des and ammonia were found. 

In order to determine in what.form the unacco,unted for nitrogen finally 

evolves under fuel lean conditions,. gas'chromatographic experiments were 

initiated with.a molecular sieve 5A column to measure molecular nitrogen. Fuel 

rich conditions produce a large amount of smoke containing nitrogen which does 

not permft quantitative trapping or measurement. %en 0.5 or 1% pyridine with 

7% oxygen concentrations were used the.uncertainty in the measurements of N 2 

was'large. However, a few experiments at 1048 and 1073 K indicated that the 

remainder of the nitro'gen was in theform of N2, within experimental uncertainty, 

although some N20 was found at 1073 K. It was decided to increase the concentra- 

tions of reactants'to 2% pyridine 14% oxygen to improve analytical precision. 

The results of these higher concentration epxeriments were unexpected. 

Only five experiments were run in the 1023 to 1073 K range, all at 2..:sec 

contact time so that the,pyridine was completely co.nsumed. In this teniperature 

range very little HCN remained but essentially all the nitrogen could be accounted 

for, within experimental uncertainty, by N2 and small, but significant amounts of 

NO and N20. In addition, the mass spectrometer gave rapidly oscillating ion 

currents for the 14, 28 and 32 ions, indicating that possibly a non-steady..state 

existed in the reactor. These results are more in agreement with those of 

Axworthy and Dayan (4) who reported large amounts of N20 and some NO in the 973 

to 1073 K range using 75% oxygen. 

Because of the mechanisms for pyridine oxidation and pyrolysis that the 

research group at'Purdue have devlsed, we were requested by Charles Proctor to 



run a few experiments .in our low::. system' ~5th: added' liydrogkn: to examlne its 

effect on these react-tons, Their shock tube apparatus had been disassembled, 

Table 2 summarizes these results, Tt can be.seen that very..ltttle, if any, 

effect is produced by the hydrogen. 

Table 2 

Effect of Added H2 (a mole%) 

Temperature Time Co(mo1e %) Fraction C H.'!N 
(C) 

5 5; 
(set) (C5H5N) 1(02) ~eacted (%) 

(without H2) " (with H ) 
2 

9 25 1 .5/0. 14 16 
925 2 .5/0 27 23 

Task 2 

ThPs task consists of determining the rate and products of oxidation of 

HCN. Investigation of the rate of. oxidation of HCN was initiated at 1073 K 

to determine if it was being consumed as it was being produced from'pyridine . . 

and under what, if any, conditions NO can be produced from HCN at this low 

temperature.. All the rate data will be tabulated in the.next report, but some 

observations can besqnmarized at this point:. (a) The rate of consumption of 

HCN was significant using oxygen at 3.5 or 7.OX concentrations. (b) Addition 

of benzene to produce an environment similar to that of pyridine oxidation tended 

to increase the rate of HCN oxidation up to an equivalence ration (ER) of about 

0.9, after which the rates of consumption of both HCN and oxygen drastically 

fell off; no significant NO was noted at all ERs. (c) It was thought that 



poss ib ly  ace ty l ene  may have been an  Tnhib i t rng  in t e rmed ia t e ,  ( t h e  26 ion  

c u r r e n t  appeared l a r g e  f o r  h igh  ER exper rments ) .bu t  a  few experiments w i th  

added ace ty l ene  gave increased   consumption. and a l s o  s i g n i ' f i c a n t N 0  forma- 

t i o n .  It i s  c l e a r  f rom t h e s e  observa t ions  t h a t  t h e r e  i s  ' s t i l l  cons iderable  
. . 

u n c e r t a i n t y  a s  t o  the. f a c t o r s  l n f  iuencrng NO formation.  

Mechanism Discussion and Future  Work 

Although t h e r e  i s  s t i l l  much t o  be learned  about t h i s  complex mechanism, 

some observa t ions  about t h e  f a c t o r s  i n f luenc ing  NO formation can be  made and 

a t tempt  t o  r e l a t e  t h e s e  t o  s taged  combustion r e s u l t s .  It i s  c l e a r  t h a t  i n e r t  

p y r o l y s i s  of h e t e r o c y c l i c  n i t r o g e n  l e a d s  t o  HCN a s  t h e  only major v o l a t i l e  

n i t r o g e n  c o n t a i n i n g  product ,  w i th  some n i t r o g e n  remaining i n  t h e  s o l i d ,  t h e  

f r a c t i o n  of which depends 'on t h e  p y r o l y t i c  temperature.  When t h e  oxygen i s  

added, t h e  products  a r e  about t h e  same f o r  very  f u e l  r i c h  mixtures .  However, 

a s  ' t h e  concen t r a t ion  of oxygen is  ih,cre&sed, t h e  s o l i d s  (smoke) product ion 

decreases  wh i l e  HCN'yield a p p e a r s . t o  s t a y  t h e  same o r  i n c r e a s e s  a  smal l  amount. 

A t  ER - > 1 but  w i th  low oxygen concen t r a t tons  < 7 mole %, t h e  smoke becomes 
J- 

n e g l i g i b l e  but HCN y i e l d  s t i l l  remains about t h e  same , ' t he  r e s t  of t h e  product 

n i t rogen  appearing p r imar i ly  a s  N2 .  A s  t h e  oxygen c o n c e n t r a t i o n i n c r e a s e s  wi th  
. . 

f u e l  l e a n  .mixtures, a  s h i f t  . i n  pro.ducts ' occurs  wi th  n i t r o g e n  oxides  becoming 

impor tan t ,  This  i s  c o n s i s t e n t  w i th  t h e  d a t a  a t  1223 K r epo r t ed  e a r l i e r  (Table 

1, r e f .  2 ) .  It was found t h a t  f u e l  l e a n  mixtures  a t  3.5% 0 produced sma l l  
2 

amounts of NO ( l e s s  than  15% of t o t a l  n i t rogen)  and s i g n i f i c a n t  N bu t  a t  2 ' 
7. 0% O2 a l l  l e a n  mixtlires y i e lded  s i g n i f i c a n t l y  h ighe r  NO. Thus, a t  low 

temperatures  h igher  concent ra t ions  of 0  a r e  necessary  t o  a c t i v a t e  t h e  NO 2 X 

formation mechanism. I n  conclusion,  i t . a p p e a r s  t h a t  i f  t h e  proper  ox id i z ing  

cond i t i ons  a r e  used, N formation w i l l  be  promo6ed a t  t h e  expense of NOx 
2  . . 

formation.  



Future experiments will be concerned w4th the completion of the HCN 

oxidation kinetlcs study and a better deflnition of the conditions of concen- 

tration and temperature necessary to optimize N production in the low tempera- 
2 

ture (973 to 1173 ~):-.r'e~l&;,. . .' . i.. , 
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