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The probing of H2S flames at pressures of 0.1 and 0.05 atm under molecular-flow sampling conditions has 
provided conclusive evidence on the type of transient species existing in these flames. The mass spectrometric 
analyses indicate the species to be SZ, S20, and SO and also provide evidence that the species appear in the 
sequence shown. The appearance of SZO prior to SO formation, as implied from the flame data, suggests 
that additional steps are involved in the oxidation of H2S which have not yet been considered in the oxidation 
process. This information is of importance in developing the mechanism involved in the oxidation of sulfur 
in flames and may lead to  some additions and changes in the proposed HzS oxidation mechanism presented in 
previous papers. The appearance of a species at m/e 34 which is more easily ionized in the mass spectrometer 
than H2S has resulted in speculation on the formation of HzO~ in these HeS flames. To the authors' knowledge 
this molecule has not been postulated in previous HzS oxidation mechanisms. Estimates have been made of 
the mass spectrometric sensitivities to the intermediate species, and mole fractions of the species were deter- 
mined from these estimated values. The results indicate that each species is present in concentrations up 
to  several thousand parts per million. Several elementary reactions have been suggested to account for the 
formation of sulfur-containing intermediates in the H2S flame. 

Introduction 

Studies of the oxidation of sulfur-bearing compounds 
under various experimental conditions have been a sub- 
ject of interest to  numerous investigators over the past 
several decades. Two review articles, one by Cohen 
and Heicklenl and the other by the authorslZ have been 
published recently; much of the available literature on 
the subject matter has been presented therein. The 
results from these past studies clearly show that many 
of the steps involved in the oxidation of these sulfur 
compounds are not yet well understood. This is es- 
pecially true with respect to  the type of sulfur oxide 
intermediates present during the oxidation of the sulfur 
compounds. 

In  nonflame systems, Norrish and Zeelenberg3 and 
Emanue14 have presented evidence for the existence of 
sulfur monoxide, SO, as an intermediate in their hy- 
drogen sulfide oxidation studies. Marsden5 and Meschi 
and Myers6 have indicated, in more recent work, that 
the SO observed by these earlier investigators is prob- 
ably a mixture of the oxides S20 and SOZ. On the other 
hand, Schenk and Steudel' reported that SO is observed 
in their studies and that is it quitc reactive, dispropor- 
tionating very rapidly to  S20 and SOz 

250 + (S0)Z 

so + (S0)2 = s20 + so2 
Furthermore, they suggested that the presence of S20 
in a system indicates prior existence of SO. However, 
in this paper and other recent work by the authors in 
flame systems18 the data indicate that S20 can form 
prior to  SO. Also, results from the work of .Halstead 
and Thrush9 imply that SO is a relatively unreactive 

molecule except toward oxygen atoms. Thus, studies 
on sulfur oxide intermediates are not conclusive at  this 
time. 

I n  the present study, the authors present new infor- 
mation on the above intermediates as obtained from the 
oxidation of hydrogen sulfide in lowpressure flames. 
Data are presented which confirm the existence of S I ,  

SZO, and SO as intermediates in the oxidation of HIS in 
flames. The conditions under which the intermediates 
are produced as well as their role in the sequence of 
flame reactions are discussed. 
Experimental Procedure 

Data on the intermediates discussed in this study 
have been obtained from the probing of lowpressure 
(0.1-0.05-atm) hydrogen sulfide flames. The experi- 
mental procedure for the probing of low-pressure flames 
has been described in previous The overall 
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240, 293 (1957). 
(4) N. M. Emanuel, Acta Physicochim., U.R.S.S., 19, 360 (1944). 
(5) D. G. H. Marsden, Can. J. Chem., 41, 2607 (1963). 
(6) D. M. Meschi and R. J. Myers, J .  Amer .  Chem. Soc., 78,  6220 
(1956). 
(7) P. W. Schenk and R. Steudel, Angew. Chem., I n t .  E d .  Engl., 4 ,  
402 (1965). 
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International Air Pollution Conference of the International Union 
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apparatus remains essentially the same in these studies; 
however, an important modification has been made in 
the sampling procedure. This modification allows the 
samples to  be removed from the flame system under 
molecular flow conditions. As a result, the highly 
active intermediates survive the short path to  the 
analyzer section of the mass spectrometer, thus al- 
lowing direct detection of these species. 

A Finnigan 1015 quadrupole mass spectrometer was 
modified for use in these flame probings. The instru- 
ment has fast-scanning features, has unit resolution to  
750 amu, and can detect most species in the low-ppm 
range. A 2.25-in. diameter flat-flame burner attaches 
directly to  the analyzing unit of the mass spectrometer 
producing a short unrestricted straight path from the 
sampling probe tip to  the analyzer section (Figure 1). 

The sampling probe is made of quartz tubing drawn 
t o  a fine tip a t  one end. In  the tip of the probe is a 
50-75-p orifice through which the flame samples pass 
and are immediately quenched, a t  pressures from 
to  loT4 mm. For temperature profiles, the quartz 
probe is replaced with a temperature probe consisting of 
a 2 5 - p  Pt-Pt-107, R h  thermocouple coated with 
silicon dioxide. 

Results 
Composition Profiles. Stable Species.  Although con- 

centration profiles were obtained for all of the stable 
species in each of the hydrogen sulfide flames probed in 
this study, only a representative set of profiles is s h o m  
here since we are presently concerned mainly with the 
active intermediates in the H2S flame and not with final 
products. Other papers present detailed profiles of 
stable reactants and products.lOjll 

Figure 2 shows the profiles from a stoichiometric 
HzS flame probed at  0.05 atm. The profiles are typical 
of thosc encountered under normal mass spectrometric 
operating conditions, Le.,  70-V electron-accelerating 
potential and 150-300-pA electron current. AS seen in 
Figure 2, the sulfur in the H2S molecule is rapidly oxi- 
dized to  SO2 while the hydrogen is less rapidly oxidized 
to  HzO. A corresponding depletion of 0 2  consistent 
with the stoichiometric reaction IfzS + 3/zOz = HzO + 
SOz, is observed in the combustion process. Hydrogen 
is produced as a transient species and serves as an addi- 
tional source of H20 in the flames. As seen later, the 
shapes of the H2S and SOz Curves change noticeably 
when the electron-accelerating voltage is reduced in the 
appearance potential studies. This change in profiles 
is taken as evidence for the existence of intermediates in 
the H2S flames. 

Transient  Sulfur Compounds in HzS  Oxidation. 
Transient sulfur compounds have been identified in 
recent HzS oxidation studies. Under the revised molec- 
ular-flow sampling conditions at  normal operating po- 
tential, three sulfur-bearing intermediates have been 
observed in the mass spectrometric data. These in- 
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Figure 2. Composition profiles of stable reactants and 
products in HgS flame, pressure 0.05 atm. 

termediates have been assigned the molecular composi- 
tion Sz, S20, and SO. 

SZO is observed directly in the mass spectrometric 
flame sampling data. However, Sz and SO require 
more elaborate techniques for direct detection. The 
difficulty in detecting Sa and SO arises from two facts: 
one, not only are S2 and SO very reactive intermediates, 
but, two, in a heated system containing sulfur and 
oxygen, there is usually a relatively large amount of 
SO2 present. The SO2 fragmentation pattern inter- 
feres with the mass spectrometric patterns for Sz and 
SO but not with that for SzO. Both SOz and Sz have 
molecular weights of 64 and both produce major peaks 
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which appear a t  mass to  charge ratio (m/e) of 64. I n  
addition, SO2 fragments to  produce a large m/e 48 peak 
which interferes with the small peak from the SO inter- 
mediate. Therefore, in determining the presence of SZ 
and SO in these systems, it, is necessary to  correct for 
the large SO2 contribution to  m/e 64 and 48, or one may 
also use appearance potential techniques to reduce 
greatly or eliminate the contributions to  m/e 64 and 48 
from SO2 while still allowing detection of the m/e 64 and 
48 from the more active S2 and SO intermediates, re- 
spectively. 

Figures 3a and 3b show 
typical profiles of each of the species Sz, SZO, and SO 
derived from the flame data after appropriate correc- 
tions for SO2 contribution to  the m/e 64 and 48 peaks 
determined from the constant m/e 48/64 ratio ob- 
served in the postflame region. Profiles in Figure 3a rep- 
resent 02-rich flames, while those in Figure 3b repre- 
sent stoichiometric flames. Total flame pressure was 
0.05 atm and ionization potential was 70 V in each case. 

The S20 peak shown in Figures 3a and 3b was 
taken from the mass spectrometric data and represents 
the total m/e 80 peak height. Although SO3 is present 
in the OZ-rich flames and also has a major m/e 80 peak, 
it is not detected in the mass spectrometer even at  
levels of 200-300 ppm or more. That there is essen- 
tially no contribution from SO3 to the m/e 80 peak here 

S02-Correction Technique. 

XZO. 

is confirmed by the following observations: (1) a 
met-chemical analysis for SOB showed that the SO3 pro- 
file reaches a maximum ahead of the recorded S20 peak 
maximum, ( 2 )  in the OZ-rich flames (Figure 3a) the 
SO3 concentration is not zero in the postflame region 
whereas the m/e 80 peak height is zero beyond 200 mils 
in these flames, (3) in stoichiometric flames the SO3 
concentration is essentially zero in the postflame region 
whereas in Figure 3b the m / e  80 peak is not zero, and 
(4) the observed m/e 82 peak which arises in the frag- 
mentation pattern from the 34S isotope (4.2y0 abun- 
dance) is about 9% of the m/e 80 peak in these flame 
probings which is consistent with two sulfur atoms in 
the sulfur oxide molecule S20. If, on the other hand, 
only SO3 were present, m/e 82 would be about 4.5% of 
m/e 80, indicative of one sulfur atom. (Possibly the 
SO3 unites with m-ater vapor to  form prior to  
analysis.) From these considerations, the peak heights 
shown in Figures 3a and 3b for S 2 0  are attributed solely 
to  this species. 

SZO, like SO2, yields a m/e 48 peak in its frag- 
mentation pattern. Both S20 and SOL, therefore, must 
be considered in the analysis of SO, which has a major 
peak at  m/e 48. Neschi and Pt!tyers6 have shown in 
their data, however, that SzO has a major peak at  m/e 
80 and indicated that S20 contributes only about 70/, 
to  the m/e 48 peak. This contribution is sufficiently 
small to  present no problem in the analysis of SO in the 
flames. Therefore, in developing the final SO profiles 
shown in Figure 3, the main contribution to  the m/e 48 
peak is from SO2. 

The profiles developed from the flame data, using the 
ratio of m/e 48/64, indicate the appearance of SO. It 
is quite evident in the plots in Figures 3a and 3b that 
the m/e 48/64 peak ratio is constant in the postflame 
region where only SO2 is present. As one approaches 
the visible-flame zone the 48/64 ratio varies. An in- 
crease would occur in the 48/64 ratio if SO were forming 
in the flame since SO contributes to  the 48 peak but 
not the 64 peak. This behavior has been observed and 
substantiates the presence of SO in the flames. Ozone 
is not considered a contributor to  the m/e 48 peak 
based on the appearance of a m/e 50 peak from 34S160 
and on the approximately constant m/e 50148 ratio. 
Ozone does not contribute noticeably to  the m/e 50 
peak since the abundance of 1 8 0  is only 0.2% compared 
to  4.2oj, for 34S. 

The profiles indicate that SO first appears in the 
cooler regions below the bottom edge of the visible- 
flame zone and is completely consumed in the hotter 
flame regions within 175-250 mils above the flameholder 
in either the 02-rich or the stoichiometric flame. This 
is contrasted to  the apparent survival of SzO into the 
postregion of the stoichiometric flame, Figure 3b. The 
SO profiles as determined here are further confirmed in 
the appearance potential studies discussed shortly. 

The data in Figure 3 indicate the sequence Sz, SZO, 

SO. 
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and SO for the formation of the intermediates in the 
flames. The separation of the SzO and SO maxima, 
however, is very small, amounting to only 5 or 10 mils. 
I n  oxygen-rich systems (Figure 3a) the SzO and SO 
curves actually coincide below the visible flame. In  
stoichiometric flames, the earlier appearance of SzO is 
noted belox the visible flame (Figure 3b). The S20 
curve generally peaks before the SO curve in each case, 
thus providing additional evidence for the formation of 
S20 prior to S0.l2 

82. In  the preflame region the m/e 48/64 ratio is 
considerably less than that observed in the postflame 
region. This is attributed to  the presence of Sz in the 
system which contributes significantly t o  m/e 64 in this 
region. Since S2 does not contribute to the m/e 48 
peak, a decrease in the m/e 48/64 ratio would result 
from the presence of Sz providing that the SO concentra- 
tion is constant or decreasing. The latter situation is 
observed here. Further verification of the presence of 
Sz was made by observing that the m / e  66 peak, while 
normally less than 5% of m/e 64 from SO, in the post- 
flame region, increased to over 65y0 of the m/e 64 in 
the preflame region. The data are presented in Table 
I for an Oz-rich HzS flame at  0.05 atm. This increase 
would occur if Sz mere present since m/e 66 (from 32S- 
34S) is about 9% of m/e 64 from S2 and would thus add 
to the overall m/e 66/64 ratio. The 9% value is not 
attained here since a considerable amount of SO2 is also 
present with the Sz. 

Table I:  
0.06-Atm 02-Rich H2S Flame 

Change in m/e 66/64 Peak Ratio from 

Distance above Percentage 
flameholder, ---Peak height--- m/e 66/64 

mils m/e 64 m/e 66 x 100 

1100 
700 
300 
150 
110 
80 
65 
50 
35 
20 

5 

590 
570 
600 
605 
520 
400 
290 
205 
140 
86 
52 

29 
28 
29 
30 
27 
21 
16.5 
12 
8 
5.5 
3 . 5  

4.9 
4.9 
4 . 8  
5 . 0  
5 . 2 a  
5 - 3  
5 . 7  
5 . s b  
5.7 
6 . 4  
6 .7  

5 Top edge of flame a t  95 mils. b Bottom edge of flame a t  45 
mils. 

The data thus far present convincing evidence for the 
existence of all three transient species Sz, SzO, and SO in 
the flame system. However, to confirm these findings 
further, H2S flames of identical compositions were ex- 
amined in separate probings using appearance potential 
techniques to identify the intermediates. 

Appearance Potential Technique. The appearance 
potential studies wxe  carried out at electron-accel- 
erating voltages of 12.0 and 13.8 V. Typical data from 
two of the flame probings are presented in Figures 4 
and 5. 

Figure 4 shows the HzS, SO2, SZO, and SO data ob- 
tained from a stoichiometric HzS flame probed at  0.05 
atm using an appearance potential of 13.8 V. At this 
voltage, the SO2 contribution to  m/e 48 vanishes (note 
m/e 48 in postflame region). It is apparent from these 
flame probings that a m/e 48 peak makes its initial ap- 
pearance in the same general region as designated for 
SO at the higher accelerating potential (Figure 3b). 
However, at  this lower potential, the formation of a 
nz/e 48 peak must be due solely to SO, since there is 
essentially no contribution from SO2 or SzO. That 
S20 is contributing very little to the m/e 48 peak at the 
low7 electron voltages can be seen from the low preflame 
values of the ratio m/e 48/80, as shown in Figure 3 or 4. 
Also, since SzO has a parent peak at nz/e 80, the contri- 
bution to m/e 48 from SzO at 13.8-V accelerating poten- 
tial can be expected to be much less in total peak height 
than that observed by Meschi and Myers at higher elec- 
tron voltage (discussed earlier). Thus, direct detection 
of SO is attained at the operating potential of 13.8 V. 
Furthermore, the data also confirm the formation of 
S20 prior to SO in these flames. 

The trends in the HZS, SO2, S20, and SO curves in 
Figure 4 at  13.8 V are essentially the same as those ob- 
served at  the higher electron voltages in Figures 2 and 
3; i.e., the H2S (m/e 34) and O2 (m/e 32) decrease while 
the SO, (m/e 64) increases in the region from 0 to 150 
mils. Upon further reduction of the accelerating po- 
tential to 12.0 V, the m/e 64 and 34 peaks from SO2 and 
HzS, respectively, were still present but significant 
changes were observed in the shape of the curves for 
these stable molecules. On the other hand, the profiles 
of the active intermediates SZO and SO remained essen- 
tially the same. 

The data from a stoichiometric H2S flame are plotted 
in Figure 5 .  The change in the SO2 profile can be seen 
in following the m/e 64 curve from the postflame region 
to the flameholder. At the lower potential of 12.0 V, 
the m/e 64 curve actually increases in the visible flame 
region of the stoichiometric flame. The normal trend 
at  the higher electron voltages is for the m/e 64 to  de- 

(12) Comment added in review: One reviewer rightfully questioned 
the justifiability for the argument that SZO precedes SO in these 
flame systems. It is quite true that the quantitative treatment for 
SO cannot be very good in the cases where the contribution to m / e  
48 from SO2 has t o  be considered (Figures 3a and 3b). However, 
in the appearance potential studies (Figures 4 and 5 ) ,  there is no 
contribution, within detection limits, to m/e 48 from SOL There- 
fore, the m/e 48 peak is principally due to SO in these studies. Since 
the data of Figures 4 and 5 show an m/e 80 peak, L e . ,  SzO, present in 
the preflame region at  the point where the m / e  48 peak is zero and 
since the SzO maxima are generally at  least 5 mils upstream of the 
SO maxima (on an expanded scale the S2O maximum in Figure 4 
is about 5 mils upstream of the SO maximum), we have concluded 
that SzO formation can precede SO formation in the flame. 
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crease in the 150-0-mil region as seen in Figure 4 ( m / e  
64 = SO,). The abnormal behavior (the increase) at  
this lower accelerating potential is taken as evidence for 
the presence of Sz. The 12.0-V ionizing potential is 
sufficient t o  ionize S2 readily but is considerably less 
effective in ionizing SO,. The result is an increase in 
the m/e 64 peak height in the region where S2 is being 
produced. Hagemann13 has reported an ionization po- 
tential of 9.7 -f 0.1 eV for SZ while that reported for SO, 
is higher at 12.5 f 0.2 eV. 

A further interesting observation is seen in the m / e  
34 peak curve. Since the normal profiles of HZS curves 
in flames (Figure 2) show the HB to start at a given 
level and decrease continuously to zero as the flame is 
approached from the flameholder, it might be expected 
that the H2S curve at  12.0 V would be similar to  that at  
13.8 V. Instead, we see an initial rise in the H2S curve 
starting near 0 mil, reaching a maximum value below 
the bottom edge of the flame, and then decreasing to 
a minimum at 125 mils (Figure 5 ) .  There appear to be 
a second smaller rise in the m / e  34 curve beyond 150 
mils, As in the case of thc m/e 64 curve, the large rise 
observed in the m / e  34 curve below the flame is 
attributed to the presence of an intermediate which has 
an ionization potential below that for H2S. However, 
no sulfur-bearing species with a value of m/e 34 is 
readily apparent, other than H2S. The same effect is 
also reflected in the m/e 32 peak curve, but this could 
be due to the Sz molecule fragmentation pattern or to 
S atom ionization. 

A species that comes to  mind which satisfies the m / e  
34 requirement is €LO2. This molecule has not been 
postulated in any of our H.8 oxidation steps. How- 
ever, other investigators have reported the formation 
of HzOz in various Hz-02 oxidation s t ~ d i e s . ' ~ ~ ' ~  Indi- 
cations are that the hydrogen peroxide forms from the 
reaction of HOz radicals with Hf.  This being the case, 
H20z could also likely form in the HSS oxidation process 
since Hz is present as an intermediate in this flame and 
the HO, radical is postulated to  form in one of the early 
HzS flame reactions." The increase in m/e 34 ob- 
served in the preflame region is therefore tentatively 
attributed to  H202. The slight rise in m / e  34 in the 
postflame region may be due to re-formation of H2S 
under the near-stoichiometric flame conditions. 

Although stan- 
dards are not available for S2, S20, and SO calibrations 
in the mass spectrometer, attempts have been made t o  
approximate the concentrations of one of these tran- 
sient species. From the analyses of earlier flame sam- 
ples,l' the SO concentration was determined by oxi- 
dizing the SO in 3% hydrogen peroxide solutions. Re- 
sults from this method indicate that the maximum con- 
centration of SO is about 10,000 ppm, -0.01 mole 
fraction. By estimating the mass spectrometric sensi- 
tivity for SO near that for 0, a mole fraction of approx- 
imately 0.01 is also obtained for SO from the present 
data. Although the two sensitivities are not likely the 
same (SO being more easily ionized than 0,) , they prob- 
ably do not differ greatly. Both the wet analysis and 
mass spectrometer methods substantiate the relatively 
high concentration of SO in these H2S flames. 

Concentration of T7.ansient Species.  

(13) R. Hagemann, C. R .  Acad. Sei., 255, 1102 (1962). 
(14) C. Kourilsky and H. James, Bull. SOC. Chim. Fr. ,  410 (1965). 
(15) G. J. Minkoff and C. F. H. Tipper, "Chemistry of Combustion 
Reactions," Butterworths, London, 1962, pp 34-55. 
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Sz and SzO concentrations can only be estimated at  
present by assigning mass spectrometric sensitivities to  
these molecules comparable to  those observed for stable 
species of similar molecular structure. The data indi- 

tant sources of elemental sulfur early in the flame reac- 
tion. Other reactions such as 

(7) SO + SH = Sz + OH - 7.6 kcal 

(8) cate that the maximum concentrations of the species Sz S20 + H = Sz + OH + 19.7 kcal 
and S20 are several thousand parts per million, each, 
i.e., comparable to  the SO concentrations, depending 
on such flame conditions as the amount of excess oxygen 
available and total flame pressure. 

Mechanism. Due to the steep concentration nra- 

may also contribute to sulfur formation by diffusion 
processes in the cooler preflame regions. However, 
reaction 8 might be replaced by a seemingly more fa- 
vorable reaction - 

dients and the resulting strong diffusion currents en- SzO + H SH + S @a> 
countered in flames, it is likely that several reactions 
can contribute to the formation of an intermediate 
during an oxidation process. A number of reactions 
which may contribute to  Sz, S20, and SO formation are 
presented in the following paragraphs. The relative 
importance of each reaction is discussed in terms of the 
energy requirements, nature of the reactions, and ap- 
propriate interpretation of the available flame data. 

A detailed mechanism has been pre- 
sented for the oxidation of Hi3 flames." Of the three 
intermediates, Sz, SZO, and SO, only the formation of 
SO has been accounted for in this mechanism 

SO Fomaation. 

SH + Oz = SO + OH + 22.3 kcal 

and is presented as a major source of SO in HZS flames. 
Other rractions such as 

(1) 

S + 0 2  = SO + 0 + 5.5 kea1 

SzO + 0 = 2SO + 35.3 kcal16 

SH + 0 = SO + H + 38.7 kcal 

were not included in the earlier mechanism but could 
also contributr to  SO formation. Since SO can readily 
be produced in the absence of hydrogen-containing 
species as brought out in recent COS flame probings,17 
rractions 2 and 3 are likely to  be important sources of 
SO in flames. 

All four reactions are thermodynamically favorable. 
Thc fact that Oz is present in the preflame region in 
much larger quantities than 0 atoms makes reactions 1 
and 2 more favorable than reactions 3 and 4. How- 
ever, the latter two reactions no doubt have lower en- 
ergy requirements than the others and are, therefore, 
favored from this point of view. The relative rates of 
reactions at the prevailing temperatures would, of 
course, determine the importance of each in contrib- 
uting t o  SO formation. 

Mention has been made of reactions 
of the types 

( 2 )  

(3) 

(4) 

S z  Foymation. 

SH + SH = HzS + S + 3.4 kcal (5) 

(6) 

and 

SH + SH = Hz + Sz + 32.9 kcal 

resulting in sulfur formation." These could be impor- 
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which could then produce Sz by reactions 5,6, or 7. All 
of the reactions, except reaction 7, are thermodynami- 
cally favorable. Three of the four reactions involve SH 
radicals indicating it is a major source of sulfur in the 
flames. 

The diffusion process could also 
account for some of the SZO formation via SO dispro- 
portionation 

SO + SO = SzO + 0 - 36.3 kcalI8 

S20 Fomation. 

(9) 

(10) 

(11) 

and 

3SO = S20 + SOz + 94.6 kcal 

and also 

so + s, = s20 + s,-1 
Reaction 9 is highly endothermic and not liliely to occur 
to  any large extent in the flames. Reaction 10, on the 
other hand, is highly exothermic and may be thermo- 
dynamically favorable but would be of less importance 
as a source of SZO due to  the three-body nature of the 
reaction in the sequence 

250 + szoz s20 + so2 
involving SO-a species of relatively low concentration 
compared to  the stable species present. Reaction 11 
may be an important source of SzO. However, since 
the flame probings indicate some S20 formation prior to  
SO formation, other steps must also be involved in 
SZO production. These most likely involve elemental 
sulfur already formed in the preflame region (see eq 
5-8a). Reaction 12 would require a relatively high 

Sz + Oz = SzO + 0 - 36.3 kcal 

S, + 0 = SzO + S,-2 (n 2 3) 

(12) 

(14) 

Sz + 0 + r\l = SzO + If + 81.7 kcal (13) 

Sz + OH = S20 + H - 19.6 kcal (15) 

activation energy and would, therefore, probably be 

(16) Calculated at O°K based on AH' = -22.7 kcal/mol for Szo.' 
Other heats of reaction calculated at 1000'K. 
(17) A. Levy and E. L. Merryman, Environ. Sci. Teehnol., 3, 63 
(1969). 
(18) AH'S  for reactions 8-15 were calculated at OOK.  



REACTION OF CYANOGEN RADICALS WITH AMMONIA 1931 

less likely to  occur than some of the others. The same so + 0 2  = so2 + 0 (16) 
is true to  a lesser extent for reaction 15. Reactions 13 
and 14 appear most favorable for SZO formation. 

it is apparent that removing so Jvould greatly reduce 
SO2 formation and, therefore, its emission to  the atmo- 

Conclusion 
Obviously, a number of reactions exist which could 

be important in the formation of the intermediates SZ, 
SzO, and SO. Many of thc rcactions involve radicals 
and atoms essential to flame propagation. The three 
sulfur-bearing intermediates from H2S oxidation are, 
therefore, likely to form generally in any flame oxida- 
tion process. 

From the air pollution point of view, the removal of 

sphere. There are obvious problems involved in any 
attempt to  remove any of the intermediates-problems 
such as finding reactants which will react rapidly and 
specifically with S2, S20, or SO and which will form 
compounds with the intermediates that will withstand 
the high temperatures encountered in flame processes. 
Kevertheless, the possibility of removing the sulfur- 
bearing intermediates to  control sulfur oxide emission 
should not be ignored. 

any one of the three intermediates in a combustion pro- The authors wish to  acknowledge 
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The pulse radiolysis of dilute C2N2-NH3 mixtures in argon has been used to  study the reaction of CN radicals 
with NH, at 300 and 375’K. An increase in the rate constant for CN radical disappearance was observed 
for radicals with higher vibrational excitation than the ground state. Removal of the ground and fourth 
vibrational states showed a negative temperature dependence. (‘(These results are discussed with respect 
to the possible roles played by chemical reaction and by vibrational relaxation.”) 

Introduction 
Cyanogen (CN) radicals have received a great deal of 

attention in spectroscopic2 and thermodynamic3 studies 
but fewer data are available on the kinetics of reactions 
of this reactive radical. Bimolecular rate constants of 
varying reliability have been determined for reaction 
with oxygenj4J ammonia,5 methane,5 nitric 

and the dimer cyanogen (C2N2).4a~G Some 
measurements have included estimates of activation 

The results of work done at this laboratory on the 
rates of reaction with saturated and unsaturated hydro- 
carbons are to  appear shortly? In  this paper we wish 
to  report kinetic parameters for the reaction of CN 
radicals with gaseous ammonia a t  303 and 375°K. CN 

s5,6 

radicals, produced by pulse radiolysis of dilute solutions 
of CzWz in argon, have been monitored spectrophoto- 

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission. 
(2) (a) G. Herzberg, “Molecular Spectra and Molecular Structure, 
Vol. I. Spectra of Diatomic iMolecules,” 2nd ed, Van Xostrand, 
Princeton, N. J.. 1950. and references therein: (b) N. Basco. J. E. 
Nicholas, R. G. W. Norrish, and W. H. J. Vickers, Proc. Roy .  Soc., 
Ser. A ,  272, 147 (1963). 
(3) (a) D. D.  Davies and H. Okabe, J .  Chem. Phys., 49, 5526 (1968); 
(b) T. L. Cottrell, “The Strengths of Chemical Bonds,” Butter- 
worths, London, 1954. 
(4) (a) D. E. Paul and F. W. Dalby, J. Chem. Phys., 37, 592 (1962); 
(b) N. Basco and R. G. W. Norrish, Proc. Roy .  Soc., Ser. A ,  283, 291 
(1965); Ii. Basco, ibid., 283, 302 (1965). 
(5) J. C. Boden and B. A. Thrush, ibid., 305, 107 (1968). 
(6) C. A. Goy, D. H. Shaw, and H. 0. Pritchard, J. Phys .  Chem., 
69, 1504 (1965). 
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