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The nitric oxide+ sulphur dioxide+ oxygen system has been studied in the temperature 
range 20-570°C. The initial rate pi of the oxidation of nitric oxide in a static system is 
approximately second order with respect to NO and fist order with respect to 0 2  at low 
pressures, but the dependence of the rate on the concentrations of both reactants become 
less at higher pressures. The reaction has a negative temperature coefficient, which can 
be expressed as an Arrhenius activation energy of -1.75 kcal/mole. Nitrogen and 
sulphur dioxide have the same small retarding effect on the initial process, but at a 
slightly later stage the SO2 takes part chemically in the reaction, the rate ps of the second 
stage being directly proportional to the pressure of all three reactants, and the activation 
energy being 7.0 kcal/mole. Packing the vessel does not alter pi nor ps appreciably. 
The final product of the reaction was a white solid, probably at higher temperatures a 
mixture of so3 and (SO&N203. 

It is suggested that the oxidation involves NO3 radicals. These can react with either 
nitric oxide or sulphur dioxide to give NO2 which, at temperatures above 200"C, may 
regenerate NO, thus enabling excess SO2 to be oxidized. 

Traces of nitrogen oxides are present in the exhaust fumes from internal com- 
bustion engines, and are thought to be the cause of certain unpleasant smog 
conditions in cities, e.g., Los Angeles, U.S.A.1 This part presents the results of 
a study of the NO+ S02+ 0 2  system. 

There is still no agreement on the mechanism of the oxidation of nitric oxide 
to give nitrogen dioxide in the gas-phase. It has been suggested on the one hand 
that an intermediate compound is formed, and on the other that NO2 is produced 
directly in termolecular collisions.2 The reaction of sulphur dioxide with nitric 
oxide and nitrogen dioxide hat3 been investigated by several workers.3 Compounds 
such as SO3. NO and (s03)2N203 are formed. 

EXPERIMENTAL 
The static system described in part 1 was used, the reaction vessel being coated with 

boric acid. Oxygen, sulphur dioxide and nitrogen were purified as described. Nitric 
oxide was prepared by the action of cold dilute sulphuric acid on sodium nitrite, The 
red-brown mixture of nitrogen oxides, was condensed in a trap at -196°C. The tem- 
perature was raised to -78"C, and pure colourless nitric oxide was evolved and stored in 
a bulb. The infra-red spectrum of a sample showed only the two peaks at 5.2 and 5.4 p 
corresponding to those for NO. 

Sulphur dioxide in the mixture after reaction was estimated as described previously 
(part 1). It was not found possible to obtain accurate results when nitrogen dioxide was 
present, and other workers have had difficulty in analyzing S02+N02 mixtures. Oxygen 
was determined by adsorption in alkaline pyrogallol after the gas passing through the trap 
at - 196°C had been collected in a gas-burette. 

RESULTS 
KINETIC 

The reaction of nitric oxide and oxygen was accompanied by a very rapid initial 
pressure drop, which was followed after a short time by a much slower decrease 
(fig. lo). The initial decrease in pressure became progressively smaller as the 
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80 N O +  S 0 2 - k  0 2  SYSTEM 

temperature increased from 20 to 58OoC, but the “ initial ” and “ secondary ” 
rates of pressure change did not greatly alter. In the presence of sulphur dioxide 

a 
IOC 

FIG. 1 .-Typical pres- 
sure-time curves for the 
oxidation of nitric oxide 30 

in presence and absence 1 
of sulphur dioxide. NO 
and 0 2  pressures, 100 8 
mm: (a) no S02;  (b) 8 
 SO^ pressure, 100 m. 4 
Values of the temperature g 
in “C are given on the 2 

% curves. 

2 

b 

time (min) 

there was again a rapid initial fall followed by a slower decrease, the rate of which 
now increased markedly with temperature above about 200°C (fig. lb). Even at 

FIG. 2.Variation of the rate of 
oxidation of a nitric oxide + sulphur 
dioxide + oxygen mixture with time at 
540°C; NO, SO2 and 0 2  pressures, 
50 mm. 

I .  I 
to 20 

time (min) 

the highest temperatures, however, the pressure-time curves fell into two distinct 
parts (see fig. 2, the “break” coming at 15-2min), and the initial rate was at 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
61

. D
ow

nl
oa

de
d 

by
 N

or
th

ea
st

er
n 

U
ni

ve
rs

ity
 o

n 
26

/1
0/

20
14

 1
2:

56
:1

7.
 

View Article Online

http://dx.doi.org/10.1039/tf9615700079


C. F. H. TIPPER AND R. K. WILLIAMS 81 
least 8 times that of the secondary reaction, taken as the approximately flat part 
of the rate against time curves. Thus, the variation of the initial and secondary 
rates (pi and ps) with conditions was investigated. 

The rates were reproducible to within -+lo %. Errors due to the “ dead 
space” containing only oxygen were calculated to be small compared with the 
overall experimental error. When sulphur dioxide was present, solid tended to 
accumulate on the walls of the capillary tubes leading to the vessel, and then the 
secondary rates of subsequent oxidations of a standard mixture were slightly lower. 
This effect was eliminated by flaming the capillaries and then interposing a reaction 
of a standard NO+02 mixture between each experiment with SO2 present. 
Packing the vessel (increasing the surface/volume ratio about 3 times) had little 
effect on pj orp, in the presence or absence of sulphur dioxide. 

The variation of the rates with temperature is shown in fig. 3. The temperature 
coefficients can be expressed as an overall activation energy for pi of about - 1.75 
kcal/mole whether sulphur dioxide was present or not and for ps of 7-0 kcal/mole 
with NO+ 0 2 +  SO2 mixtures. 

I 1 

l0OO/T 
FIG. 3.-Variation of the initial and secondary oxidation rates bj and ps) with temperature : 
(a) pi ; (b) ps. Nitric oxide and oxygen pressures, 100 mm ; no SO2 ; 0, SO2 pressure, 

100 mm. 

2.0 3.0 

The variation of the initial rate with the pressures of nitric oxide and oxide 
at three temperatures is shown in fig. 4 and 5. The order with respect to NO was 
about 2 at low pressures of the reactant but above 30-50 mm the variation became 
approximately linear. pi was proportional to the oxygen pressure, at least if 
this was low, at any temperature, but the order became less than one at higher 
pressures especially at 540°C. Addition of nitrogen and sulphur dioxide reduced 
pi to the same extent and this effect was greatest with low oxygen pressures and 
high temperatures, when the dependence on oxygen concentration was also 
altered, being greater than one. The effect of addition of these gases is also shown 
in fig. 6.  The deviations from an order of two with respect to NO and of one with 
respect to 0 2  are too marked to be accounted for by inaccurate measurement 
of the high rates. 
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3oc 
FIG. 4.Variation of the initial 

oxidation rate with the pressure 
of nitric oxide. 0 oxygen pres- 
sure, 50 mm; temp. 20°C. 
0 oxygen preasure, 100 m; 2 
temp. 300°C. CD as for 0,  but -2 
100 mm nitrogen present. 0 as $ zoc 
for 0,  but 100 mm sulphur dioxide 
present. @ (ord. x 0 5 )  : oxygen 3 
pressure, 100 mm; temp. 570°C. 2 
0 (ord.xO.5) as for @ but 100 3 

.II 

mm nitrogen present. .d 

P 

nitric oxide pressure (mm) 

FIG. 5.-Variation of the 
initial oxidation rate with the 
oxygen pressure. (a) Nitric 
oxide pressure, 50 mm ; temp. 
20°C. (6) as for (a), but 100 
mm nitrogen added. (c) nitric 
oxide pressure, 100 mm ; temp. 
300°C. (d) as for (c), but 0 
100 mm nitrogen added, and 
0 100 mrn sulphur dioxide 
added. (e) nitric oxide pres- 
sure, 100 mm; temp. 520°C. 
(f) as for (e), but 100 m 
sulphur dioxide added. (g) 
as for (e), but 100 mm nitrogen 
added. (e), (f) and (g) : abs. 
- 50. 

oxygen pressure (mm) 
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I- 
83 

P I I 
4 0  80 

pressure of nitrogen or sulphur dioxide (mm) 
FIG. 6.-Effect of added nitrogen (0) or sulphur dioxide (0)  on the initial oxidation 
rate. (4) nitric oxide pressure, 50mm; oxygen pressure, 20mm; temp. 20°C. (b) 
and (c) nitric oxide pressure, 100 m; oxygen pressure 50 mm; temp. 300 and 570°C 

respectively. 

pressure of r w t a n t  or nitrogen (am) 
FIG. 7.-Variation of the secondary rate at 300°C with the pressures of nitric oxide, 
oxygen, sulphur dioxide and added nitrogen. 0 NO pressure varied ; SO and 0 2  pres- 
sures, 190 mm. @ 0 2  pressure varied ; NO and $ 9 2  P ~ ~ S S U ~ ~ S ,  100 nun. 0 SO2 pressure 
varied; NO and 0 2  pressures, 100mm. 0 Nz pressure varied; NO, SO2 and 0 2  

pressures, 50 mm. 
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84 N O +  s02+ 0 2  SYSTEM 

The variation of the secondary rate with the pressures of nitric oxide, sulphur 
dioxide and oxygen is shown in fig. 7. ps was proportional to the concentrations 
of all three reactants and was reduced slightly by the addition of nitrogen. 

TOTAL PRESSURE CHANGE AND PRODUCTS 

The total pressure decrease (Ma) became progressively larger as the amount 
of sulphur dioxide in the NO+ S02+ 0 2  mixture was increased, but was not affected 
by increasing the pressure of oxygen provided this was in excess (table 1). De- 
creasing the concentration of nitric oxide reduced APm (table 1). 

TABLE 1.-vARIATION OF WITH PARTIAL PRESSURES OF NITRIC OXIDE, SULPHUR 
DIOXIDE A N D  OXYGEN, A N D  THE OVERALL LOSS OF 0 2  AND so2 

mixture decrease in pressure 

NO (mm) SO2 (mm) 0 2  (mm) temp. OC APm (mm) SO2 (mm) 0 2  (mm) APm calc. 

50 
50 
50 
50 
10 
50 
50 
50 
50 

- 100 
100 100 
100 100 
- 100 
50 50 
50 50 
50 100 

100 100 
150 100 

20 
20 

235 
570 
570 
570 
570 
570 
570 

- - 35 
27 45 - * 

161 64 46 
37 
13 9 4.5 

126 - - 
132 47.5 42.5 137.5 * 
190 96 56 184 * 
244 1 24 75 249 * 

- - 

* represents the mean of several experiments. 

Table 1 also shows the total loss of oxygen and sulphur dioxide in the system 
as determined by analysis. At 570°C if the ratio SO2 : NO was 2 : 1, or 1 : 1, 
nearly all the sulphur dioxide was removed from the mixture during the reaction, 
and only when the ratio was 3 or above did an appreciable amount remain. In 
general at higher temperatures, more oxygen reacted than was required to oxidize 
the sulphur dioxide lost to sulphur trioxide, and the very large overall pressure 
decreases, greater even than the total loss of SO;? and 02,  must have been partly 
due to condensation of a product or products. 

At all temperatures the reaction of nitric oxide, sulphur dioxide and oxygen 
gave a white solid, deposited mainly in the capillaries leading to the vessel except 
at 20°C. It decomposed on heating or solution in water giving nitrogen dioxide. 
The solution contained sulphate ions. On passing air while heating the capillaries, 
white fumes of sulphuric acid mist were evolved. At 20°C the presence of nitrogen 
dioxide was noted throughout the reaction, whereas at 235°C it was only present 
at the beginning and could not be detected at all at 570°C. 

If it is assumed that, at any rate at 570"C, the oxygen that was removed, other 
than that required to oxidize the sulphur dioxide lost to SO3, reacted with the 
nitric oxide to give N2O3 and that both the so3 and N203 formed condense out 
(probably as a mixture of (SO&N2O3 and s03), then the calculated overall pressure 
decreases are given in the last column of table 1. The agreement with experiment 
is satisfactory in view of the experimental errors, and no other reasonable as- 
sumption as to the products enables the pressure changes to be explained. When 
the ratio SO2 : NO was high (5 : l), however, @a ~ @ s o 2 +  @oz and @o,= 
+APso2, implying that little or no nitrogen oxides were present in the solid product. 

DISCUSSION 
Earlier workers 2 have found that the oxidation of nitric oxide at temperatures 

below 390°C was approximately of the third order (i.e., about second order with 
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C .  F.  H .  TIPPER AND R. K. WILLIAMS 85 

respect to NO and first order with respect to oxygen). Since the total pressures 
used were less than 50mm, this is in agreement with the results presented here. 
Bodenstein 4 found that the temperature coefficient of the initial rate between 
30 and 90°C was -0.92 per 10°C. This can be expressed as an overall activation 
energy of - 1.7 kcal/mole, in good agreement with the value reported in the 
previous section. Bodenstein also considered that a moderate increase in surface/ 
volume ratio had no effect on the oxidation rate, and it can be assumed that the 
rate-determining reactions in both the NO+02 and NO+S02+02 systems are 
homogeneous. 

The kinetic results do not appear to be in agreement with the hypothesis that 
the oxidation of nitric oxide to nitrogen dioxide is a simple termolecular reaction, 
viz., 

2NO+ O2 = 2N02, 

involving, in effect, triple collisions. For instance, as Treacy and Daniels 2 have 
pointed out, this would require the reaction to be strictly second and first order 
with respect to NO and 0 2  respectively, and this appears to be so, if at all, only 
within a limited range of experimental conditions. Also, since the sulphur dioxide 
does not affect the initial oxidation rate of nitric oxide, except as an " inert " gas, 
in the second stage it must react with a product of the interaction of NO and 0 2 .  
Now the homogeneous reaction between sulphur dioxide and nitrogen dioxide, 
the rate of determining step of which is 

NO2 + SO2 = S03N0,  

is of the first order with respect to both reactants, the activation energy being 
263 k~al/mole,3~ so that if this product was NO2 it is difficult to explain the differ- 
ence in the variation of pi and ps with reactant concentrations and the low activ- 
ation energy for ps (7.0 kcal/mole). Thus, it seems probable that SO2 reacts 
almost exclusively with a complex of NO and 0 2  rather than with NO2 itself. 
The hypothesis that the oxidation of nitric oxide proceeds via the formation of 
an intermediate complex has been suggested by a number of workers.2 This 
complex is usually considered to be nitrogen trioxide, and there is considerable 
evidence for the participation of this radical in various reactions involving 
nitrogen oxides.5 It has been pointed out that, since NO and 0 2  are both para- 
magnetic and therefore possess some free radical properties, their union to form 
NO3 seems very probable.6 Also, since nitric oxide does not react with sulphur 
dioxide below 400°C,3b it seems unlikely that the complex is (N0)2. 

Although some oxidation of sulphur dioxide probably occurs at low tem- 
peratures (table l), the rate of the secondary reaction and the removal of amounts 
of SO2 in excess of those of nitric oxide does not become appreciable until above 
200°C when the thermal decomposition of nitrogen dioxide is becoming rapid. 
Thus the following mechanism, which is an extension of that proposed by Treacy 
and Daniels 2 for nitric oxide oxidation, is suggested. 

NO + O,+NO, 
NO,+NO+NO,.NO 
N03.  NOj2NO2 

NO,. NO + N2(S02)+2N0 + O2 + N2(S02) 

NO, .S02+N,-+N03+S02+N2 
NO, + S02-+N03. S02+NO2 + SO, 

2N02+2NO+ O2 
SO2 + NO,+S03NO 

SO3NC+N0,+SO3+(SO3),N2O3. 
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86 NO+ S 0 2 - k  0 2  S Y S T E M  

If the first two equilibria are very rapidly attained and reaction (3) is the 
rate-determining step, then the initial rate depends on the square of the nitric oxide 
pressure and on the first power of the oxygen pressure. The effect of nitrogen or 
sulphur dioxide on pi is due to reaction (4). When the pressures of oxygen or 
nitric oxide are " high " these reactants may possibly act as the third body in 
(4), reducing the dependence ofl their concentrations as found experimentally. If 
reaction ( 5 )  is relatively slow the chemical effect of sulphur dioxide will become 
appreciable only after a short time. Above 200"C, since SO3, unlike N02, cannot 
be converted to the lower oxide, there will be an overall loss of oxygen and thus 
a pressure decrease due to this reaction, and ps will be directly proportional to the 
pressure of all three reactants as found. The activation energy af 7-0 kcal/mole 
may thus refer to reaction (5) .  Reaction (6) accounts for the slight reduction in 
the secondary rate on adding nitrogen. Reactions (8) and (9) will be very slow 
and thus nitric oxide will be reformed by (7) enabling excess sulphur dioxide to be 
oxidized. In time, however, sulphur trioxide and nitrogen oxides will condense 
out and the reaction come tb a halt. 

The authors thank Prof. C. E. H. Bawn, F.R.S., for his interest in this work, 
and the Central Electricity Generating Board for a grant to one of them (R. K. W.). 
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