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Abstract 

The effects of the hydrazine molar ratio, reactilm temperature and addition of CO on the NO., reduction in flue gas containing 12% oxygen 
were determined in a pilot-scale flow reactor. The optimum reaction temperature and molar ratio for maximum NO, reduction were found to 
be about 873 K and 4.0, respectively. With CO, hydrazine provides a wider temperature window for effective NO, reduction. The proposed 
model predicts the reduction of NO reasonably well at high oxygen content. 0 1998 Elsevier Science S.A. All rights reserved. 
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1. Introduction 

It has long been known that NO can be reduced homoge- 
neously to N2 and HZ0 by NH, at relatively low oxygen 
concentrations (less than 5%) over the temperature range 
1073-1323 K [ 1,2]. Other nitrogen-containing compounds, 
such as urea [ 31 and cyanic acid (CA) [ 41, have been inves- 
tigated as reductants of NO,. However, they require a higher 
temperature range for effective NO reduction. During boiler 
operation at varying loads and in many existing boilers, the 
injection space for NH3, urea and CA solutions is not avail- 
able in the temperature range 1073-1323 K ; moreover, NO 
reduction is often desirable at lower temperatures [ 51. 

The addition of small amounts of additives, such as hydro- 
carbons and amines, to this process makes it possible to shift 
the effective temperature to below about 1023 K [ 61. From 
a practical viewpoint, a further reduction in temperature is 
desirable without the addition of additives, but little is known 
about the successful replacement of NH,, urea and CA. On a 
laboratory scale, the N,H,-N0.,-02 reaction has been studied 
by Azuhata et al. [ 71. However, little information is available 
on the applicability of N,H, as a reductant of NO. In addition, 
the distribution of even a small amount of aqueous solution 
in a gas stream is very difficult in a large reactor [ 81. Nev- 
ertheless, the use of an authentic flue gas fromgas combustion 
makes the results obtained more meaningful for the estima- 
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tion of NO, reduction in a full-scale plant. Hydrazine should 
be used as an NO, abatement agent with completeconversion, 
otherwise it may cause safety concerns in a real combustor. 

In this study, the effects of the hydrazine molar ratio ( 1 .O- 
4.0)) reaction temperature and addition of CO on the reduc- 
tion of NO, in flue gas containing 12% O2 were determined 
in a pilot-scale flow reactor. Moreover, the effect of CO 
addition in the case of hydrazine, NH, and CA was deter- 
mined. A kinetic model for the overall NO reduction rate. 
with hydrazine as a selective reducing agent, is proposed for 
engineering applications. 

2. Experimental details 

The experimental procedure was similar to that described 
in a previous study of NO reduction by urea solution [9]. 
Briefly, the hydrazine solution was sprayed onto the stream 
of combustion products through two atomizing nozzles 
( internal diameter (i.d.), 0.4 mm) in a pilot-scale flow reac- 
tor (i.d., 0.20 m; height, 6.0 m) as shown in Fig. 1. The mean 
droplet size of the hydrazine solution through the nozzles was 
approximately 50 p.m in diameter. The reactor wall was insu- 
lated by fiberfrax (Carborundum resistant materials) to pre- 
vent heat loss to the surroundings, so that a nearly constant 
temperature gradient could be attained. The total flow rate of 
the flue gas was varied from 54 to 108 Nm3 h ‘, and the 
oxygen concentration was varied in the range 11.5-l 2%. The 
flue gas contained less than 10 ppm of CO, 10% of H,O and 
7.5% of CO,. Eight sampling ports were mounted at 0.5 m 
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Fig. I. The experimental apparatus. 

height intervals along the reactor axis,, and radially spaced by 
about 0.1 m. To measure the temperatures at the hydrazine 
injection point and at axial and radial directions in the reactor, 
eight K-type thermocouples were mounted along the axial 
and radial locations as a function of the variation in the ther- 
mal fornd in the furnace. The inlet concentration of NO in the 
reactor was varied from 200 to 300 ppm, and the outlet con- 
centration of NQ was measured in the injection temperature 
range 773-973 K at 50 K intervals. During the experiments, 
the molar ratio of hydrazine solution (10% w/w) to NO 
varied from 1 .O to 5.0. The sampiecl gas from the sampling 
probe was passed through a cooler for the removal of water, 
and sent to a stack gas analyser (ND-IR type, Chung Eng. 
Instrument, System CX-8AN) to measure the concentrations 
of NO, NH, and O2 to within + 5%. In addition to the direct 
measurement, a number of samples were taken in a tedlar 
bag, and were analysed using tube dl:tectors (Gastec. Japan) 
to verify the direct measurements of the NO, concentration. 
The results obtained from the two methods exhihited good 
agreement. 

3, Results and discussion 

3. I. .&j@ct of the react&z ~e~~er~i~re on A@, reducfion 

The effect of the reaction temperature on the N2H4-NO 
reaction was determined at 12% f w/w) O,, as shown in 
Fig. 2, for NO, NO, and NO, (NO i- NO,) at an initial molar 
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Fig. 2. The variation of NO. NO2 and NO, with reaction temperature. 



ratio (N~~~/NO) of unity. Signi~cant NO reduction begins 
to occur at about 823 K, and reaches a maximum value at 
about 873 K. At temperatures above 873 K, NO reduction 
decreases with a further increase in reaction tempera~re. A 
peculiar finding is that the temperature window for effective 
NO reduction coincides with that of the fornation of NOz. 
AS can be seen. the temperature at which maximum NO 
reduction (823 K) is obtained exhibits a maximum NOz/ 
NO., mole fraction. This result can be easily understood from 
the kinetic data of thermal decomposition of N2H4 obtained 
by Desen [ IO]. The primary reaction in the dissociation of 
hydrazine is assumed to be the rupture of the N-N bond to 
give an NH, radical. The rate constants for the disappearance 
of hydrazine are those of a unimolecular reac,tion as 

N,H,+M + N,H,* (1) 

N&* -+ 2NH1* (2) 

where, in the second-order region, the collisional activation 
(Eq. ( 1) ) is the rate-controlling step. At higher temperatures, 
the results are consistent with the very simple reaction scheme 
of reactions ( 1) and (2), followed by the radical-radical 
reaction 

NH, + NH2 -+ NH, + NH 

NH+NH + N,H,* + N,+H? 

The global mechanism is as follows 

(3) 

(3) 

N,H, --j NH,+11/2H2+1/2N1_ (5) 

The most important reaction pathways in the reaction of 
NH, with OH, 0 and H have been presented by Miller and 
Bowman [ II] _ At temperatures below apprl~ximately 1000 
K, the hydrogen abstraction reaction between hydroxyl (OH) 
and NH, is too slow, and there is insufficient hydroxyl present 
initially in the reaction sequence feading to and o~ginatin~ 
from NO reduction. Therefore, the chain-term inatingreaction 
dominates over the chain-branching reaction. These effects 
lead to NH3 + NH2 conversion, which is insufficient to pro- 
duce any significant amount of NO reduction. However, in 
the N,H,-NO--O?_ reaction, chain-branching from the 
NH2 +NO reaction sequence no longer occurs, because 
hydrogen (H2) is produced during the decomposition of 
hydrazine (NZHJ) _ Hence, it can be assumed that the effect 
of NzHJ on NO reduction is the same as thal of the addition 
of H2 to NH3. Consequently, NO reduction in a lower reaction 
temperature window may be due to the large increase in OH 
concentration from the reaction sequent e: OH + H, ++ 
H20+H;H+0,+-+OH+O;O+H,0++OH+OH [12,13]. 
Although the complicated pathways of NO reduction are 
unclear at present, it is assumed that the mechanism of the 
gas-phase N,H,-NO-O2 system comprise.s several reactions 
that are important in the NH,-HZ--NO-O2 system. 

The degree of maximum NO reduction increases with 
increasing initial molar ratio of N2H4 to NC!,: however, the 
conversion of N&/NO, is almost independent of the initial 
molar ratio of N2H, to NO, as can be seen ir Fig. 3. 
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Fig. 3. The relationship between the variations in NO, NO, and NO2 and the 

initial molar ratio of N2H,, to NO,,. 

There are three plausible reaction pathways for the for- 
mation of NO,. The first is NO-O,. However, this reaction 
can be ruled out, because it was verified experimentally that 
the direct oxidation of NO by O2 does not occur under the 
present experiment conditions. The second possibility is the 
oxidation of N2H, by O,, and the third is the oxidation of an 
intermediate product formed from the oxidation of NzH, by 
OZ. Although it is difficult to predict NO* formation and the 
overall reaction mechanism for the experimental conditions 
used, it can be assumed from the experimental data that hydra- 
zine is not the main source of NO* formation. 

Miller and Bowman [ II] reported that the formation of 
NO2 usually indicates the presence of HO*, which is known 
to convert NO rapidly to NO, by the following reaction 

NO+HO, * NOz:+OH (6) 

In most combustion systems, this reaction constitutes the only 
important source of NO,. 

3.2. Proposed reaction ~ech~~isIn 

A simple kinetic model of the N,H,-NO-O* system is 
proposed for the two major reaction paths described previ- 
ously [9] 

NS + 0, 

-+ NO + -..( kf, rate constant of NO formation) (7) 

NS+NO 

+ N, + . . . (k,, rate constant of NO reduction) (8) 

In Eqs. (7) and (8), NS is the nitrogenous species (NH,, 
NH2, NNH, HNO), leading to the formation or reduction of 
NO, and N, is the oxidant. 

Simple and quantitative reaction rate equations for Eqs. 
(7) and (8) for the N,H.+-NO-O* system are given below 
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(Eqs.(9)-( 11) ) , because one molecule of hydrazine 
(N,H,) yields one molecule of NH3 

(91 

d[NSl -= -kr~~]-k,[NO.l[~~][~] (10) dt 

with the following initial conditions 

[~I= 1, [~I=*, t=O (11) 

The non-linear differential equations (Eqs. (9) and ( 11)) 
can be solved by adjusting two parameters (kr, k,) using the 
Runge-Kutta-Vemer method. 

3+3. Estimation of the amounts of NO and NH, as a 
function of the reaction time 

The relationship between the time required to complete the 
reaction and the reaction temperature for measured concen- 
trations of NO and NH:, at a normalized stoichiometric ratio 
(NSR) of unity is 7=0.65 -4.02 :< lOA T as shown in 
Fig. 4. 

The calculated fractions of NO and NH, as a function of 
the reaction time for injection or reaction temperatures in the 
range 773-973 K are shown in Fig. 5. At higher temperatures. 
the NO and NH3 fractions decrease sharply up to a reaction 
time of 0.1 s. Thereafter, the fraction of NO remains constant 
and that of NW, approaches zero. At lower temperatures, the 
fractions of NO and NH, decrease with reaction time, and the 
agreement between the model and the experimental data 
becomes poorer with a wide fluctuation of NH3 concentration. 

The rate constants of NO formatio I (k,) and NO reduction 
(k,) are determined from an Arrheni us plot (In k, and In k, 
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Fig. 4. The relationship between the time required to complete the reaction 
and the reaction temperature. 

vs. 1 lT) at reaction temperatures in the range 773-973 K at 
atmosphe~c pressure in the presence of approximately 12% 
02. 

The relationships between k, and k, and the reaction tem- 
perature (T) can be represented by the straight lines in Fig. 6 
with the following equations, 

Ink,= 19.09- 1.63 X 104/T iW 
Inkf= 16.32-1.30X 104fT (13) 

The parameters kfO, k,,, Ef and E, can be determined from 
Eqs. ( 12) and ( 13) as 

kf,= 19.45X 10’ s-’ and Ef= - 135 KJ mol-’ (14) 

k,= 12.24X 10” m3 mol-’ s-’ and E, 

= - 108 KJ mol-’ (13 
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Fig. 5. Comparison of the experimental and calculated fractions of NO and 
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Fig. 6. The Arrhenius plot of the calculated rate constants k,- and k,. 
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These activation energies are lower than those of the urea 
process (E,= -267 kJ mol-’ and E,= -2JO kJ mol-‘). 
This difference in activation energy leads to the initiation of 
the reaction at lower temperatures with hydra;;ine. 

3.4. Prediction of NO reduction at different ri,H,,/NO, 
molar ratios 

To verify the present kinetic model, the calsulated NO and 
NH, conversion data from the model were compared with the 
experimental data at different initial hydrazine/NO molar 
ratios. A comparison between the experimenial data and the 
model predictions for the fractional convenJons of NO is 
shown in Fig. 7 as a function of the reaction t~~mperature and 
the normalized stoichiometric initial molar ratio of hydrazine 
to NO (NSR= 1.0, 2.0, 3.0 and 4.0). As can be seen, the 
model predicts the experimental data reasonably well at 12% 
0,; however, it overestimates the NO conversion in the lower 
temperature range at higher NSR values. ‘Therefore, a re- 
evaluation of the parameters in this model is required, with 
special emphasis on NO reduction at lower temperatures. 

3.5. Effect of the addition of CO on NO reduction by N,H+ 
NH, and CA 

The behaviour of hydrazine is compared with that of NH, 
and CA at a high oxygen content (about 12% 0,). The 
experimental data presented by Caton and Siebers 14) at 
NH3/N0 = 2.3, CA/NO = 1.4 and CO/NO = 3.8 were 
selected for the NH, and CA processes. In addition, N,H,I 
NO=4.0 and CO/NO =4.0 were selected for comparison 
purposes. 

The effect of the addition of CO on the reduction of NO 
and the reaction temperature windows obtained with NH3, 
CA and NZHJ are compared in Figs. 8 and 9. respectively. 
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Fig. 7. Comp~ison of the experimental and calculated fractions of NO as a 
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Fig. 8. Effect of the addition of CO on NO reduction with NH3, CA and 
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Fig. 9. Effect of the addition of CO on the effective temperature window 
(more than 60% reduction of NO,) with NH,, CA and NZHJ. 

The behaviour of hydrazine in the presence of 12% O2 is most 
effective with respect to the shift of the effective temperature 
window to lower temperatures for more than 60% reduction 
of NO. However, the maximum NO reduction is somewhat 
lower and the effective temperature window is narrower than 
those in the NH, process. The problem of the narrow range 
of the temperature window (800-970 K) can be resolved by 
the addition of CO to N2H,. CO provides a wider temperature 
window (780-I 173 IS) with significant NO reduction as can 
be seen in Fig. 9. The effect of the addition of CO to hydrazine 
solution on the reduction of NO can be explained by CO 
oxidation in the presence of water. The oxidation of CO 
increases the supply of OH and 0 at lower temperatures via 
the reactions H + O2 t+ OH + 0 and 0 + H,O e OH + OH. 
coupled with the reaction OH-+-CO eH+CO, in the CO 
oxidation mechanism [4]. Consequently, the availability of 
OH and 0 atoms leads to NO reduction over a wider reaction 
temperature window. 

4. Conclusions 

The effects of the reaction temperature and molar ratio of 
hydrazine to NO, on the reduction of nitric oxide using hydra- 
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zine solution were determined in a pilot-scale reactor. The 
o~t~murn reaction temperature and molar ratio for maximum 
NO reduction are found to be about 8’73 K and 4.0, respec- 
tively. Ammonia emission is negligible in the optimum tem- 
perature range, but becomes significant at lower 
temperatures. Hence, hydrazine has the greatest effect on the 
effective temperature window at lower temperatures. With 
the addition of CO, hydrazine provides a wider temperature 
window for effective NO reduction. Nitrogenous species and 
NO are mainly oxidized to NO2 at the optimum temperature, 
and the temperature window of NO2 formation coincides with 
that of NO reduction. 

A simple kinetic model is proposed on the basis of the two 
main reactions for the N,H,-NO-O, system. The proposed 
model reasonably predicts the reducticn of NO at high oxygen 
content ( 12% 0,) _ 

Appendix A. Nomenclature 

Activation energy of rate constant kf (Id ml - ’ ) 
Activation energy of rate constant k, (kJ mol- ‘) 
Rate constant of NO fo~ation (s- r ) 
Rate constant of NO reducion ( m3 mof - ’ s - ’ ) 
NH, concentration corresponding to hydrazinei 
NO, molar ratio (mol mM3) 
NH, concentration at the sampling probe (no1 
m-j) 

NO, NO concentration at the reactor inlet (mol m- 3, 
NO NO concen~tion at the sampling probe (mol 

rn-‘) 
NSR normalized stoichiometric ratio (urea/NO,) 
R Gas constant, 8.314~ lo-” (kJ mol-’ K-‘) 
f Reaction time (sf 
T injection or reaction temperature of urea solution 

in the reactor (K) 
7” Time required to complete reaction between urea 

and NO (s) 
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