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Reaction of adsorbates derived from cyanuric acid on a Cu-MFI zeolite 
with nitrogen oxide and oxygen 
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The reaction of adsorbates derived from cyanuric acid on a Cu-MFI zeolite with NOx and 02 has been studied by a pulse tech- 
nique. The formation rate of N2 in the NO~ or NOx + 02 pulse experiments on a cyanuric acid-preadsorbed Cu-MFI zeolite 
was much higher than that  in the Oz pulse system, indicating that  the reactivity of the adsorbates with NOx is much higher than 
with 02. The product distribution in the first five pulses was greatly changed by the presence of water but the summed product 
distributions were the same. The formation of surface NH3 or its derivatives during the reaction of NO and Oz on cyanuric acid- 
preadsorbed Cu-MFI in the presence of H20 is postulated. 
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1. Introduction 

The clarification of the reaction mechanism of selec- 
tive catalytic reduction of NO by hydrocarbons (SCR- 
HC) has been widely and eagerly studied due to the 
importance of the reaction for the settlement of air pollu- 
tion and acid rain [1]. Major targets of the present 
mechanistic studies are to reveal (1) the initial or impor- 
tant step to reduce NO selectively [2-5], (2) the final 
intermediate which gives N2 [3,5-9], and (3) the active 
sites or the role of metal ions and acid site [4,10]. Con- 
cerning the second question many investigators have 
reported that an isocyanate (-NCO) species was 
observed on the catalyst surface during the SCR-HC 
[5,7,8,11] and indeed the -NCO species reacted with NO 
or O2 to produce N2 [8]. On the other hand, it was also 
reported that the - N C O  species was not formed when 
ineffective reductants (CO, CH3OH) were used for the 
reduction of NO [8]. Although these observations sug- 
gest the - N C O  species to be a possible intermediate to 
give N2, several questions remain to be solved; for exam- 
ple, the preferential reactant among NO, NO2, and Oz 
toward the surface -NCO species, the reaction stoichio- 
metry between the - N C O  species and NOx or 02, and 
the effect of water vapor on the reactivity of the 
adsorbate. 

In this study, the pyrolysis of cyanuric acid 
((HOCN)3) to isocyanic acid (HNCO) at 573 K [12] has 
been employed to obtain the surface active adsorbates 
on Cu-MFI: 

(HOCN)3 ,3HNCO 
t> 573 K 

1 To whom correspondence should be addressed. 

The reactivity of NOx or 02 to the adsorbates has been 
evaluated by a pulse technique. A great difference 
between the reactivity of NO and that ofO2 and an unex- 
pected effect of water addition will be shown. 

2. Experimental 

The Cu-MFI catalyst used was the same as that 
reported previously [13]. The SIO2/A1203 molar ratio 
and the. exchange level of Cu 2+ ion were 23.3 and 105%, 
respectively. Cu-MFI was pretreated at 773 K in a He 
flow for 4 h before the pulse experiment. 

The pulse experiment was carried out at 573 K on 
5 mg of Cu-MFI mounted in a microreactor. The reac- 
tion apparatus was similar to that of Choudhary et al. 
[14]. A constant stream of helium of 50 cm 3 min -1 
(GHSV, 300000 h -1) was employed as a carrier gas. An 
aqueous solution of cyanuric acid (90 #1, 11.6 mmol g-l) 
was five times introduced onto the catalyst bed at 573 K 
as a pulse in the He carrier. The total amount ofcyanuric 
acid introduced was 1046 #mol g-cat -1, but most ran 
from the catalyst bed and the deposited amount was 22- 
29/zmol g-cat -1 as described later. After the introduc- 
tion of the cyanuric acid, either O2 (10.0%), NOx (1.0%), 
H20 (4.1%), or a mixture of NOx (1.0%) + 02 (10.0%), 
or NOx (1.0%) + 02 (10.0%) + H20 (4.1%) in He was 
pulsed onto the catalyst at 573 K. Pulse size and pulse 
length were 1.36 cm 3 (12.1 mmol g-cat -1) and 1.63 s, 
respectively. After passing through the catalyst bed, the 
reactants and products were led to Porapak Q and 
Molecular Sieve 5A columns to separate N20, CO2, 02, 
N2, and CO. The next pulse was then introduced in 
20 min after the previous pulse. 
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3. R e s u l t s  

3.1. Reaction of  adsorbates derived from cyanuric acid 
with 02, NOx or NOx + 02 

The amounts of products formed in the pulse experi- 
ments in the absence of water vapor are plotted as a func- 
tion of the number of pulses in fig. 1. In the 02 system, 
a small amount of N2 (ca. 2 #mol g-cat -1 per pulse) was 
steadily formed during the 1 st-19th pulses. In contrast, 
in the NOx or NOx + O2 systems a lot of N2 was formed 
at the initial stage, the rate of N2 formation was steeply 
decreased, and no formation of N2 was observed at the 
5th pulse. The behavior of CO2 formation was almost 
the same as that of N2 formation in the corresponding 
pulse experiment as shown in fig. 1B. 
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Fig. 1. Change in the formation rates of products with the gas composi- 
tion introduced onto the cyanuric acid-preadsorbed Cu-MFI. The for- 
mation of 02 or N20 is observed in the NO2-contalning systems and 
the NO system, respectively. Amount of cyanuric acid introduced, 
1046 ~mol g-cat-l; reaction temperature, 573 K; flow rate of carrier 
gas, 50 cm 3 rain -1 (GHSV, 300000 h-]); pulse size, 1.36 cm3; pulse 
interval, 20 rain. (111) 02 (10.0%); ( e )  NO (1.0%); (ZX) NO2 (1.0~ 

(O) NO (1.0%) + 02 (10.0 %); (El) NO2 (1.0%) + O2(10.0~ 

N20 and 02 were detected as products besides N2 
and CO2. The formation of N20 was observed only in 
the NO system (fig. 1C). It should be noted that a con- 
stant amount of N20 was produced at the 3rd-10th 
pulses without any formation of N2 and CO2. The ratio 
of the amount of NO consumed to the amount of N20 
formed was approximately 3, suggesting that the dis- 
proportionation reaction (3NO ~ N20 +NO2) pro- 
ceeded on Cu-MFI. Indeed, the N20 formation at this 
temperature has already been reported for the flow sys- 
tem #1. The amount of N20 formed in the reaction 
with surface adsorbates was thus evaluated by the sub- 
traction of the amount formed through the dispropor- 
tionation from the total amount. In the NO2 and 
NO2 + 02 systems, a small amount of 02 was produced 
at the initial stage of pulse experiment as shown in 
fig. 1C. 

After the reaction of fig. 1, that is, when the formation 
of N2 and CO2 was not observed any longer, the catalyst 
was heated to 773 K in an 02 (1.0%) + He flow (TPO) 
to evaluate the amount of residue on the Cu-MFI sam- 
ple. No formation of any products was observed in the 
TPO experiment, indicating that all adsorbates were 
reacted in the above pulse experiments. 

The total amounts of products during the experiments 
of fig. 1 are summarized in table 1. The total amounts 
of N2 generated in the NOx-containing pulse systems 
were 83 4-4 #mol g-cat -1, which were approximately 
twice as much as that in the 02 system. The total 
amounts of CO2 formed were almost constant at 
83 4- 3 #mol g-cat -1. The amount of N2 or CO2 pro- 
duced was only 2.5-2.7% of the cyanuric acid injected 
(1046 #mol g-cat -1) during the adsorption treatment, 
indicating that most of cyanuric acid passed through the 
catalyst bed under the present adsorption conditions. 

3.2. Pulse experiments in the presence of  water vapor 

To clarify the effect of water addition on the reactiv- 
ity of the adsorbates derived from cyanuric acid, the 
NO + 02 + H20 mixture was pulsed onto the adsor- 
bates on Cu-MFI. The results are shown in fig. 2. The 
behavior of CO2 formation was almost the same as that 
without H20 (fig. 1B), while that of N2 formation was 
quite different from that without H20 (fig. 1A). The 
total amounts of CO2 and N2 formed are summarized in 
table 1. 

Next, H20 was first pulsed and then the mixture of 
NO and 02 was used to reveal the cause of the remark- 
able effect of the water addition (fig. 3). Interestingly, in 
the H20 pulses CO2 alone was formed, without any for- 
mation of N2, in a similar manner to that in fig. 2. N2 for- 
mation was observed in the subsequent NO + 0 2  
pulses. The results are quantitatively shown in table 1. 

#1 The conversion level of NO to N20 on a 143% exchanged Cu-MFI 
catalyst was 13% at T = 573 K, SV = 1800 h -1 and PNo = 1.0% (in 
He) [15]. 
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Table 1 
Product distribution in the pulse experiments on cyanuric acid-preadsorbed Cu-MFI a 

Gases pulsed Product distribution / (#mol g-cat -1) 

N2 N20 CO2 CO 02 

02 34 0 82 0 -556  
NO 79 43 c 84 0 0 
NO2 80 0 80 0 17 
NO § 02 83 0 86 0 d 
NO2 § 02 86 0 84 0 21 

NO § 02 § H20e 69 0 75 0 _d 

H20 and then NO + 02 f 0 (67 g) 0 (0 s) 73 (0 g) 0 (0 g) 0 (-  g,d) 

a NO (NO2) (1.0%), 0 2 (10.0%), 1-120 (4.1%); amount of cyanuric acid introduced, 1046 #tool g-cat-l; catalyst weight, 5 mg; carrier gas flow 
rate, 50 cm 3 rain -1 (GHSV, 300000 h -1); temperature, 573 K; pulse size, 1.36 cm 3 (12.1 mmol g-cat-I); pulse interval, 20 min. 

b The amount of O2 consumed. 
e The contribution of disproportionation was subtracted from the total amount. 
d The amount of O2 consumed cannot be evaluated due to the NO2 formation. 

The data from fig. 2. 
f The data from fig. 3. 
g The amount ofproducts at the NO + O2 pulses. 

4. Discussion 

4.1. Surface reactions of  adsorbates with NOx and 
NOx + 02 in the absence of  HeO 

As has already been mentioned in the Introduction, 
cyanuric acid decomposes to yield isocyanic acid at 
573 K. In addition, as will be described in the following 
discussion, the ratio of the amount of nitrogen to that of 
carbon in the products was approximately one in each 
pulse experiment. To confirm the adsorbed species we 
have applied an IR technique but complicated absorp- 
tion bands have been observed, some of which were 
assignable to surface OH, CN, and NCO species and 

l 80 

o ? 20, 
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Pulse number of NO§ mixture 

Fig. 2. Product distribution during the pulse experiment of 
NO + 02 + H20 onto the cyanuric acid-preadsorbed Cu-MFI cat- 
alyst. NO (1,0%)+ 02 (10.0%)+ H20 (4.1%); the other experimental 
conditions are the same as those of fig. 1. ( �9 N2; (A) N20; ([~) CO2; 

(<>) co. 

some remained unidentified. The surface adsorbate after 
the introduction of cyanuric acid has here been assumed 
to be in the form of HNCO. 

The formation rate of N2 in the 02 system was much 
lower than those in NOx or NOx + 02 systems as shown 
in fig. 1. The profiles of N2 formation in the NOx + 02 
systems were almost the same as those in the NOx sys- 
tems. The results clearly reveal that the reactivity of the 
surface HNCO to NOx is much higher than that to 02 
and the adsorbate reacts selectively with NOx even in the 
presence 0fO2. 

In the 02 system, the ratios of (amount of N2 
formed)/(amount of CO2 formed) and (amount of 02 
consumed) / (amount of CO2 formed) were 0.42 and 
0.67, respectively. These values are close to �89 and 4 !, and 
indicate the progress of the following reaction: 

HNCO +~O2 ~ �89 + CO2 +�89 (1) 

Similar calculations suggest the following reactions for 
the NO, NO + 02, and NO2 (+02) systems. 

HNCO + 2NO --+ N2 + 1N20 + CO2 + 1H20 (2) 

HNCO + NO + �88 --~ N2 + CO2 + �89 (3) 

HNCO + NO2 --~ N2 + CO2 + 41-O2 + �89 (4) 

In the NO + 02 system, equimolar amounts of N2 
and CO2 were produced without any formation of the 
other products. This indicates that the surface -NCO 
species reacted with NO selectively even in the presence 
of 02 (reaction (3)). In the NO system, the unusual for- 
mation of N20 was recognized in table 1. The amount of 
N20 produced and the necessity of �88 in reaction (3) 
suggest a reaction, NO ~ �89 + �89 and a subsequent 
reaction, HNCO + NO + �89 --~ N2 + CO2 + �89 H20. 
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Fig. 3. Change in the formation profiles of products with the gas com- 
position introduced onto the cyanuric acid-preadsorbed Cu-MFI cat- 
alyst. 1st stage, H20 (4.1%); 2nd stage, NO (1.0%)+02 (10.0%); the 
other experimental conditions are the same as those of fig, 1. (�9 N2; 

(A) N20; (D) CO2; (O) CO. 

02 (SCR-NH3) is well catalyzed on a Cu-FAU zeolite 
and the reaction stoichiometry is described by 

NH3(ad) + NO + 102 --~ N2 +-32H20 (6) 

The same reaction has been reported to proceed on Cu- 
MOR [18], Cu-MFI [19], H - M O R  [20] and H -MFI  [21] 
catalysts. On the basis of  figs. 2 and 3 and these reports, 
it is possible that the reactions (5) and (6) proceed con- 
tinuously on Cu-MFI in the presence of  water. The net 
reaction can be described by reaction (3). The confirma- 
tion of  the surface NH3 adsorbates should be carried 
out in the future study. 

Another possibility to explain the results is the forma- 
tion of  hydrated Cu 2+ cations. Mizumoto et al. [17] 
have observed that the reduction rate of  NO in the SCR- 
NH3 became slow upon the addition of  H20,  and con- 
cluded that the competitive adsorption of  H 2 0  on Cu 2+ 
cations lowered the reaction rate on the basis of  the 
kinetic study. In the present study there is a possibility 
that the hydration of Cu 2+ cations affects the reaction 
rates. 

The latter reaction is equal to reaction (3). After all, the 
reaction with NO proceeds as described in eq. (2). 

The formation of  02 is characteristic of  the NO2 and 
NO2 + 02 systems. The stoichiometry for the complete 
oxidation of  H N C O  with NO and oxygen can be 
expressed by eq. (3), though the active form of  oxygen is 
unknown. Since there are two oxygen atoms in a NO2 
molecule, the excess oxygen has to be released in the 
form of  02, which would be the reason for the formation 
of~ 02. 

Similar pulse experiments and TPO experiments 
were carried out on a H-MFI  zeolite and small amounts 
of N2 and CO2 (6 and 8 #mol g-cat -1, respectively) 
were formed. I t  is clear that H N C O  did not adsorb on 
the H- MF I  zeolite and the copper ions are the active sites 
for the adsorption of  HNCO.  

4.2. Effect  o f  water vapor on the surface reaction 

The addition of  H 2 0  into the NO + 02 mixture 
greatly changed the formation rate of N2 as shown in 
fig. 2. In addition, CO2 and N2 were separately formed 
in the H20  and the subsequent NO + 02 pulses, as 
shown in fig. 3. The amounts of  CO2 and N2 produced in 
fig. 3 were approximately equal to those in fig. 2 and 
table 1. Although the reaction pathway should be stud- 
ied in more detail, for example, by using an IR technique, 
we wish here to suggest one possibility. 

Unland [16] has reported that the H N C O  species 
reacts with water to yield CO2 and NH3 (eq. (5)). In addi- 
tion, Mizumoto et al. [17] reported that the 

H N C O  + H20  ~ CO2 + NH3(aa) (5) 

selective reduction of  NO with NH3 in the presence of  

5. C o n c l u s i o n s  

It was clarified that the adsorbates derived from cya- 
nuric acid react with NOx selectively even in the presence 
of  02. In addition, it follows that  water vapor does not 
affect the product  distribution in the reaction o f  H N C O  
with a mixture of  NO + 02, though the reaction rates 
were greatly changed. 
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