
Synthesis of Isocyanic Acid from Nitric Oxide 

over Palladium and Iridium Catalysts 

Abstract. A novel and convenient synthesis of isocyanic acid (HNCO) and its tri- 
mer isocyanuric acid has been obtained by the conversion of nitric oxide (NO). Nitric 
oxide, carbon monoxide, and hydrogen mixed in helium at the level of 0.3 to 5 per- 
cent reacted over iridium and palladium catalysts at 280? to 450?C to form HNCO in 
60 to 75 percent yield. Major side products were ammonium cyanate at low 
temperature and ammonia or nitrogen at high temperature. Total conversion of 
nitrogen from NO to NCO reached 73 percent over palladium and 86 percent over 
iridium. 

Use of the catalytic reduction of NO 
for environmental protection measures 
has prompted extensive studies of its in- 
teraction with CO on noble metals. Inter- 
action on small noble metal particles dis- 
persed on A1203 (1, 2) or SiO2 (3) pro- 
duced adsorbed species identified as 
isocyanate groups by infrared absorp- 
tion. In ultrahigh-vacuum studies (4) of 
the coadsorption of CO and NO, no evi- 
dence was found for adsorbed isocya- 
nate species. However, the presence of 
NCO groups on the surfaces of bulk met- 
als under reaction conditions was con- 
clusively shown by the production of 
ammonium cyanate (NH4OCN) when 
NO, CO, and H2 reacted over Pt and Rh 
surfaces (5). The formation of NH40CN 
was also of interest as a novel synthesis 
of NH40CN and its isomer urea, since 
NH4OCN was being produced with 
yields as high as 95 percent over a sub- 
stantial range of operating conditions. 
Curiously, free isocyanic acid (HNCO) 
was not produced. This suggested that a 
reaction such as 

HNCO (adsorbed) + NH3 -- 

NH40CN (gas) (1) 

was the rate-limiting step in the forma- 
tion of NH40CN, while the desorption of 
HNCO per se was slow. We have now 
found that on Ir and Pd, HNCO is de- 
sorbed as the primary product and is pro- 
duced in yields of 60 to 75 percent, calcu- 
lated on the basis of converted NO. 
Moreover, we have found (6) that on a 
Pt-Rh alloy, gas phase NH3 will strongly 
promote the desorption of NCO as 
NH40CN (Eq. 1). The results on Ir and 
Pd are significant because they show a 
novel and convenient synthesis of 
HNCO (and, by implication, of its tri- 
mer, isocyanuric acid) from NO. We 
know of no other direct synthesis of 
HNCO. 

The catalytic reactions of NO, CO, 
and H2 were carried out in a flow system 
incorporating a fixed-bed quartz reactor, 
an on-line gas chromatograph (GC) to 
analyze for NO, CO, H2, and N2 (7), and 
an absorber and on-line colorimetric ana- 
lyzer for gaseous OCN in NH40CN and 
HNCO (8). A flow of 0.3 percent NO, 0.5 
percent H2, and 5 percent CO in He was 
directed over Pd or Ir catalyst (9) sup- 
ported on a fritted quartz disk. The efflu- 
ent was split for on-line GC and color- 

imetric analysis. The NCO produced as 
NH4OCN or HNCO was absorbed in an 
alcoholic solution of ammonium acetate 
to convert all OCN into NH4OCN, 
which was then converted into urea and 
analyzed as the yellow complex with 
diacetyl monoxime (8). The conversion 
of NO into NH3 was calculated from the 
nitrogen balance, using the analysis of 
inlet gas and effluent for NO, N2, and to- 
tal NCO. This is permissible since in the 
temperature range of interest other nitro- 
gen-containing products, namely, N20 
and HCN, were negligible (10). Since 
NH3 is bound as NH4OCN if sufficient 
HNCO is present, the results are report- 
ed as NH40CN and HNCO. NH40CN 
and HNCO were isolated in consecutive 
condensers at room temperature (-25?C) 
and -30?C, respectively. After trapping 
of NH40CN, HNCO was also isolated 
by the precipitation of its silver salt. 

Figure 1 shows the formation of 
HNCO, NH40CN, and NH3 over Ir as a 
function of the reaction temperature. We 
plot the fraction of N from NO in the in- 
let gas recovered as NO, HNCO, and so 
on in the outlet gas. The catalyst was 
prereduced at 450?C in a flowing mixture 
of 80 percent H2 and 20 percent He for 
100 minutes. Without such prereduction 
a somewhat higher activity and a signifi- 
cantly lower selectivity were observed. 
The maximum yield of HNCO in Fig. 1 is 
75 percent at 330?C and the total NCO 
yield is 86 percent. At these conditions, 
the reaction products were trapped in the 
two condensers for several hours. The 
product in the second condenser was dis- 
solved in CC14 at -30?C. After the solu- 
tion was warmed to room temperature, 
its infrared spectrum showed a high con- 
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Fig. 1 (left). Iridium-catalyzed conversion of NO, CO, and H2 to HNCO and NH4OCN. The gas mixture consisted of 0.3 percent NO, 0.5 percent 
H2, and 5 percent CO in He and the flow rate was 40 liter/hour per square meter of Ir. The nitrogen in nitrogen-containing compounds in the 
effluent is plotted as atomic percentage of N in inlet NO. Fig. 2 (right). Palladium-catalyzed conversion of NO, CO, and H2 to HNCO and 
NH40CN. The flow rate and composition of the gas were as described for Fig. 1. The nitrogen in nitrogen-containing compounds in the effluent is 
plotted as atomic percentage of N in inlet NO. 
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centration of HNCO, identified by ab- 
sorptions at 3495 cm-1 (strong, vibra- 
tional frequency v,), 2265 cm-' (very 
strong, vz), and 790 cm-' (strong, v4), all 
of which show small shifts to shorter 
wavelengths compared with the spec- 
trum of gaseous HNCO (11). 

The results for Pd are shown in Fig. 2. 
The maximum yield of HNCO was 60 

percent at 350?C and the total yield of 
NCO was 73 percent. A prerequisite for 
a high yield is thorough reduction of the 
Pd. An effective procedure was to pass 
pure H2 or H2-He mixtures over the Pd at 
room temperature for several hours (12), 
followed by reduction in flowing pure H2 
at 450? to 500?C. A more moderate pre- 
reduction at 380?C was not effective. The 
effect of the concentrations of H2 and 
H20 in the inlet gas was studied. The 

yield of HNCO increased slightly when 
3.4 percent H,O was added to the stan- 
dard NO-CO-H2-He mixture with the Pd 
at 350?C. Replacing part of the H2 with 
an equivalent concentration of H20 de- 
creased the yield of HNCO. 

The reactions of NO, H2, and CO over 
Ir or Pd described here provide a novel 
and practical synthesis of HNCO. Be- 
cause of the large difference between the 
HNCO and NH40CN condensation tem- 

peratures, separation of the two prod- 
ucts is simple. At a sufficiently low 
collection temperature (less than -20?C), 
HNCO is a stable liquid or solid, while at 
a higher temperature (20?C) it easily 
trimerizes to isocyanuric acid, cyanuric 
acid, and cyamelide (13). The mixture 
can simply be converted to pure isocya- 
nuric acid (14) or reacted with NH3 to 
melamine (15). Both are important raw 
materials in the chemical industry (16). 
In addition, conversion of HNCO to urea 
is long-known and straightforward (17). 
The mechanism of the formation of 
HNCO and NH4OCN is under current 

investigation. 
R. J. H. VOORHOEVE 

L. E. TRIMBLE 

Bell Laboratories, 
Murray Hill, New Jersey 07974 
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in the light. 

Vertebrate rod photoreceptor cells 
continually renew their outer segments 
by a balanced process of synthesizing 
new disks at the base of the outer seg- 
ment and shedding packets of disks from 
the tip of the outer segment. These shed 
packets of disks are subsequently phago- 
cytized by the adjacent pigment epithe- 
lial cells to form phagosomes, which are 
degraded by hydrolytic enzymes con- 
tained within the lysosomes of these 
cells (1). 

It has recently been reported that the 
shedding of disks in rats and frogs is 

coupled to the light-dark cycle in which 
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Fig. 1. Phagocytosis of ROS by PE cells. The 
ROS were isolated from rats killed (0) 60 min- 
utes before the onset of light or (0) 30 minutes 
after the lights were turned on, and incubated 
with monolayer cultures of PE cells for the in- 
dicated periods. Each culture well received 2 
x 106 ROS containing a measured amount of 
radioactivity. From the total radioactivity 
phagocytized by the monolayers, it was pos- 
sible to calculate the number of ROS phago- 
cytized at each time point. 
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the animals are kept. In the rat retina a 
burst of rod outer segment (ROS) disk 

shedding occurs soon after the onset of 
light. However, the same process occurs 
at the same time without the onset of 

light, suggesting that disk shedding in 
this animal follows a circadian rhythm 
(2). In frogs it appears that most disk 

shedding is directly initiated by light, al- 
though cyclic shedding does occur at a 
reduced level when animals are kept in 
constant darkness for prolonged periods 
(3). 

Rod outer segment tips are not phago- 
cytized by the pigment epithelium (PE) 
before being shed into the subretinal 

space. Since the phagocytic response of 
the PE cells appears to be triggered by 
this shedding, some chemical change 
must occur to the tip of the ROS that al- 
lows the PE to recognize the shed packet 
of disks as foreign and thus to initiate 
phagocytosis (4). This recognition must 
involve the plasma membranes of the 
shed outer segment fragments and the 
PE, and thus it is most probable that the 

plasma membrane of the ROS is chem- 

ically modified either before or just after 

shedding of a packet of disks. 
To explore this problem, I examined 

the ability of PE cells grown in tissue cul- 
ture to phagocytize ROS isolated at vari- 
ous times during the lighting cycle. I 
found that light acts as a trigger to pre- 
pare the ROS for phagocytosis by the 
PE. 
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Phagocytosis of Light- and Dark-Adapted Rod Outer Segments 

by Cultured Pigment Epithelium 

Abstract. Pigment epithelial cells in culture retain their ability to phagocytize rod 
outer segments. These cells phagocytize rod outer segments isolated from light- 
adapted rats, or from dark-adapted rats killed after the time at which the lights would 

normally be turned on. However, they phagocytize farfewer rod outer segments pre- 
pared in the dark from the retinas of rats killed before the onset of the normal light 
cycle. Phagocytosis of dark rod outer segments is variable, but that of light outer 

segments is reproducible. It is postulated that the effect of light is to synchronize the 
chemical events that occur at the surface of the rods to prepare them for phago- 
cytosis. These processes also occur in the dark, but more slowly and irregularly than 
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