
Reaction of Hydrogen Atoms with Hydrogen Sulphide in the 
Presence of Molecular Oxygen 

BY R. W. FAIR AND B. A. THRUSH 

Department of Physical Chemistry, Lensfield Road, Cambridge 

Received 4th October, 1968 

The reaction of H with HzS in a discharge flow system yields S atoms ; these react rapidly with 
added molecular oxygen, 

where kl = (1-2f0 .3)~  10l2 cm3 mole-i sec-1 at 298°K. From measurements of the yields of 0 
and SO, excess atomic hydrogen converts 85f15 % of the hydrogen sulphide to atomic sulphur. 
When excess O2 is present, SO is removed by OH formed in the reaction sequence, 

S + Q2 +SO + 0 + 6 kcal/mole, (1) 

H+02+M+HQ,+M (7) 
H+HOZ-sOH+OH (86) 
SO+ OH+SOz +H. (6) 

A value of k6 = (7f3) x 1013 cm3 mole-' sec-l at 298°K is obtained by a competitive method. 

Free ground state sulphur atoms are produced by the reaction of hydrogen atoms 
with hydrogen sulphide in a discharge flow system.l That work did not prove 
that S atoms were produced in stoichiometric yield from H2S, although the mechan- 
ism was thought to be 

H + H2S = H, + HS + 15 kcal/mole 
H + HS = H, + S + 17 kcal/mole. 

This point is established here by examining the effect of molecular oxygen; this 
converts sulphur atoms to SO by the reaction 

which is rapid in flash photolysis systems.2 Since both SO and 0 are determined 
quantitatively in flow systems 3* reaction (1) can be used to measure S atom yields. 
The decay of SO was more rapid than expected; this is due to reaction with OH 
radicals formed in a secondary step following the combination reaction H + O2 + M. 

S + 0, +SO + 0 + 6 kcal/mole, (1) 

EXPERIMENTAL 

The apparatus has been described ; any variations in technique are noted in the text. 
Up to 1 % of hydrogen atoms were produced by passing 1-5 % hydrogen in an argon carrier 
through a 100 W 20 MHz electrodeless discharge at total pressures of 1-4 mm Hg. 

RESULTS 

SPECTROSCOPIC OBSERVATIONS 

The hydrogen sulphide flows were similar to those used before (usually less 
than 5 % of the hydrogen atom flow) ; molecular oxygen was added upstream from 
the point of addition of hydrogen sulphide. Under these conditions a pale blue 
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1558 H + H2S 4- 0 2  REACTION 

chemilurninescence was obtained, the s ectrum of which had three features: (i) A 
continuum extended from about 2400 8: to the long wavelength limit of the plates 
(about 480A). This continuum was identical with the sulphur dioxide afterglow 
(generated by reaction of atomic oxygen with carbonyl sulphide which arises from 
the chemiluminescent three-body recombination of 0 and SO. (ii) Very weak bands 
of the B3&--+X3C; system of S2 were superimposed on the continuum from 2829 A 
to longer wavelenths. The strongest bands were those with v' = 9,8,7,6. These 
were the bands which were most prominent in the Sz emission spectrum obtained in the 
absence of oxygen and also presumably arise from the chemiluminescent recombina- 
tion of sulphur atoms ; theremoval of sulphur atoms by reaction with oxygen accounts 
for their much reduced intensity. (iii) Bands of the B3C-+X3E- system of SO from 
levels u' = 3,2,1 were observed in the region 2442-2827 A. The strongest transitions 
from v' = 0 occur at 3064 (0,8), 3165 (0,9) and 3271 A (0,10), but these bands 
could not be positively identified as they were obscured by the O+SO continuum. 
Level 0' = 3 lies close to the dissociation limit of ground state SO ' (which is 123.5 
kcal/mole 8, and this strongly suggests that SO*(B) is populated by association of 
oxygen and sulphur atoms, 

The only reaction sufficiently exothermic to excite ground state SO (0'' = 0) up to 
level v' = 3 of the B state which could occur in the system is 

but this does not occur under conditions similar to 0 ~ s . ~ ~  This emission therefore 
shows unequivocally that sulphur atoms are present in our system. It is expected 
that the SO bands would be more intense than the S2 bands since the intensity of the 
latter depends on [SI2 (ref. (1)) while the former must depend on the product [S][O]. 

The presence of atomic oxygen was confirmed by addition of nitric oxide. The 
green air afterglow emission was produced and its intensity was proportional to the 
concentration of nitric oxide added, as expected from the r e l a t i~n ,~  

The spectral distribution of the emission was investigated by fitting the photomultiplier 
with various filters (5480 interference filter, and Wratten filters no. 5,45,61,70,72B), 
and was identical with that of a pure air afterglow in argon (table 1). 

S+O+M+SO*(B)+M. (2) 

so + o+ so-+so, +SO*@) (3) 

Ia = &a[Ol"Ol* (0 

TABLE 1 
filter Interference 5 45 61 70 72B 
R(A) 541015550 >5000 4500-5100 5000-5600 >6700 5900-6300 
11 1.00 65.5 8-82 11.6 7.25 1.35 
la 1-00 70.9 8-80 11-7 7.51 1-34 
h = transmission range of filter, ll = normalized photocurrent of the emission from H+H2S+ 

OZ+NO corrected for HNO and O+SO emission, la = normalized photocurrent from pure air 
afterglow. 

MEASUREMENT OF 0 A N D  so CONCENTRATIONS 

Oxygen atom concentrations were obtained from the intensity of the air afterglow 
(using the 5480A filter) by relation (i). Concentrations of SO were then determined 
from the intensity of the sulphur dioxide afterglow, which is given by 9* 

Is was measured using a 3660A interference filter assuming that S z  emission in this 
region was negligible. This was certainly true for the conditions used in recording 
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R .  W .  FAIR AND B .  A .  T H R U S H  1559 

the spectrum of the emission. The experiments described here cast no doubt on the 
validity of this assumption except at very low oxygen flows where Sz emission caused a 
sharp increase in the apparent SO concentration calculated from eqn. (ii); this 
effect was considerably increased by the low oxygen atom concentrations in this region 
and was simple to detect ; concentrations of SO therefore could not be determined at 
lower O2 flows. 

Fig. 1 and 2 show the results of typical experiments in which various flows of 
oxygen were added upstream from a constant flow of hydrogen sulphide. Initial 
hydrogen sulphide concentrations [H2Sl0 between 1 and 3 x mole ~ r n - ~  and 
reaction times from 0.07 to 0.5 sec were used ; concentrations of SO and atomic 
oxygen comparable to [H,S], were observed. The SO concentration at a fixed 
observation point downstream decreased as the oxygen flow was raised, and extra- 
polation to zero oxygen flow yielded an intercept which was usually within 5 % of 
[H,SIo ; in only one experiment was the discrepancy as high as 10 "/o. 

DECAY OF so 
The reduction in the SO concentration with increasing oxygen flow was small for 

the shortest reaction time used, but it increased as the reaction time lengthened. The 
SO decay also increased when the hydrogen atom concentration was raised but this 
had no effect on the intercept at [O,] = 0. These observations show that the hydro- 
gen sulphide was completely converted to SO in less than 0.07 sec, and the SO was 
removed by a reaction involving molecular oxygen and atomic hydrogen. 

Although the reaction 
0 + SO + M+SO, + M + 132 kcal/mole (4) 

has a high rate constant of k4 = 3-2 x 10 l7 cm6 mole-2 sec-l, it accounted for less 
than 10 % of the observed SO decay. Halstead and Thrush report an upper limit 
of k5 <2 x lo8 cm3 mole-1 sec-l for the reaction 

and a value of k5 = lo6 cm3 mole-l sec-I at 300°K can be estimated from work by 
Williams.lo Reaction (5) was therefore negligibly slow under our conditions. The 
only bimolecular reactions of SO which will be exothermic are those yielding SOz, and 
we conclude that the main process removing SO is 

the OH radicals being formed by the H + 0 2  reaction, which has the mechanism,l' 

SO + O2 +SO2 + 0 + 13 kcal/mole ( 5 )  

SO + OH-+S02 + H + 30 kcal/mole, (6) 

H + O2 + M+H02 + M +47 kcal/mole 
H + H 0 2 3 H 2  + O2 + 57 kcaljmole 

-+OH + OH + 38 kcal/mole 
*HzO + 0 + 55 kcal/mole 

OH+OH+H20+O+ 17 kcal/mole 
O+OH+02+H+ 17 kcal/mole 

under these conditions. 

EFFECT OF ADDED NO2 
This deduction was verified by addition of nitrogen dioxide downstream from the 

hydrogen sulphide inlet jet. Hydroxyl radicals were generated in the rapid reaction 

(1 1) H + NO2 +OH + NO + 29 kcal/mole 
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1560 H f H2S + 0 2  REACTION 

2 4 6 8 10 

1011[02] (mole ~ m - ~ )  

a, 0.482. 
[H2SIo = 1.03 x 10-l' mole ~ m - ~ .  

F~G.  1.-Dependence of SO concentration on [O,]. Reaction time (sec) : 0, 0.072 ; 0, 0.207; 

101'[02] (mole ~ m - ~ )  

FIG. 2.-Dependence of 0 atom concentration on [021. Reaction time (sec) : 0,0-072 ; a, 0.207 ; 
a, 0.482. 

[H2S]o = 1.03 x 10-l' mole C M - ~ .  

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
69

. D
ow

nl
oa

de
d 

by
 F

re
ie

 U
ni

ve
rs

ita
et

 B
er

lin
 o

n 
27

/1
2/

20
16

 0
2:

56
:4

5.
 

View Article Online

http://dx.doi.org/10.1039/tf9696501557


R. W .  FAIR AND B .  A .  T H R U S H  1561 
and fig. 3 shows that the concentrations of 0 and SO further downstreani decreased. 
This was definitely due to reaction with OH and not with NO2 as under the conditions 
of the experiments ([O], [SO]-O.Ol[H]) less than 0.5 of the atomic oxygen and the 
SO could be removed by 12*  13* 

0 + NO,? -+02 + NO + 46 kcal/mole 
SO + N02+S02 + NO + 59 kcal/mole. 

(12) 
(13) 

As the nitrogen dioxide was added at a reaction time of 0.14 sec, where the only sulphur 
species present are SO and SO2, there could be no complications from reactions of 
atomic sulphur or S2. 

Sincekg = 1 x 10l2 cm3 mole-1 S ~ C - ~ , ~ ~ .  l 5  and k l o  = 3 x 1013 cm3 mole-1 sec-I,l6 
few hydroxyl radicals will be removed by reaction (9) provided [OH]<[O]. The 
contact time for the nitrogen dioxide (0-07 sec) was sufficient for reaction (10) to go to 
completion, but it can be seen from fig. 3 that the total concentration of [O] + [SO] 

0 0.5 1.0 1-5 2.0 

10' NO,] (mole cm-3) 
FIG. 3.-Removal of O( a) and of SO (0) by reaction with OH. 

[H&, = 1.07~ lo-" mole ~111'~ ; [O,] = 5.10~ 10-l1 mole ~ r n - ~ .  

removed was less than the concentration of NOz added. This appeared to be due to 
some back diffusion of hydrogen atoms into the nitrogen dioxide jet particularly at 
the lowest NO2 flows used. Some of the hydroxyl radicals formed in reaction (11) 
are then removed by reactions (9) and (10) in the inlet jet. The steady-state concen- 
tration of oxygen atoms would then be given by l6 

[O] = kg/klo[OH] = 0.03 [OH], (iii) 
and this extremely small oxygen atom concentration represents the maximum amount 
which could pass into the flow tube. Diffusion becomes less important as the nitro- 
gen dioxide flow is raised and this explains the plateaus in the curve of fig. 3 at low 

A value of the ratio klo /ks  can be determined from the relative decays of the atomic 
oxygen and the SO on addition of nitrogen dioxide. The rates of reaction of these 
species are 

NO2 flows. 

- d[SO]/dt = k,[O][SO][M] + k,[SO][OH] 
- d[Ol/dt = km[SOl[Ml +klCJ[O"Hl +kWPl -Yk7[H1[02"1 
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1562 H + H2S + O2 REACTION 

where y = ksc/(ksa+ksb+ksc),  and k ,  represents surfdce decay of oxygen atoms. 
Reaction (4) accounted for less than 5 % of the observed decays and was therefore 
neglected. Hence, taking the point of nitrogen dioxide addition as zero reaction 
time, integration of the above expressions yields 

and hence under our experimental conditions, 

Fig. 4 shows a plot of log,,[O] against log,,[SO] from which the second term in eqn. 
(iv) can be obtained. Reaction (7) has a rate constant k ,  = 1-35 x 10l6 cm6 
sec-l,17 and O<y<O.44 l 1  ; the third term in eqn. (iv) which contributes 20 % of 

- 11-0- 

- 11.2 

~og,o[sol 
FIG. 4.40mpetitive reactions of 0 and of SO with OH. 

the final value was estimated assuming that the intergrand did not vary from its value 
at the observation point. The result obtained was kI0 /k6  = 0*40*0*07, where the 
error limits come largely from the considerable uncertainty of y. The formation of 
oxygen atoms in the nitrogen dioxide inlet jet due to diffusion of hydrogen atoms 
could increase this value of kI0/k6 by a maximum of 5 % if all the NOz were converted 
to OH before it entered the flow tube. 

so D E C A Y  I N  T H E  A B S E N C E  OF NO2 
In the absence of added NOz, removal of OH radicals by (9) was again negligible 

compared with (10) due to the presence of appreciable concentrations of atomic 
oxygen. The steady state concentration of OH is then 

where = k S b / ( k B a  + k 8 b  +- &). Hence 
[OH1 = 2Bk,[Hl[Ozl[Ml/(k,[SOJ + kl*[Ol), 
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R. W. FAIR AND B .  A .  THRUSH 1563 

where -(d[SO]/dt), represents the rate of removal of SO by reaction (6). This was 
determined graphically by measuring the SO concentration at different reaction times 
and correcting for SO removal by reaction (4). Plots of the left hand side of eqn. 
(v) against [O]/[SOJ gave good straight lines. Theintercepts agreed well with published 
work,ll* l7 which shows that 3.0 x 1015 <13k7 <9.0 x 1015 cm6 mole-2 sec-l, and for 
values of bk, in this range the slopes were consistent with the value of k10/k6 = 0-4 
determined above. That ratio yields k6 = (7+ 3) x 10' cm3 mole-' sec-l at 298°K 
including the uncertainties in klo and the rate constant ratio determined here. 

OXYGEN ATOM YIELDS 

As the molecular oxygen flow was increased the oxygen atom concentration at a 
fixed point downstream produced by a constant flow of hydrogen sulphide passed 
through a maximum (fig. 2). This maximum moved to lower oxygen flows and be- 
came much sharper at longer reaction times. The maximum oxygen atom concentra- 
tion decreased as the reaction time was lengthened but under all the conditions used 
was between 0-5 and 0.9 of the concentration of hydrogen sulphide added ([H2SIO). 
For instance, with a reaction time of 0-07 sec, [O]maxz50*85[H2S]o when [H,SJ, = 1 x 

mole ~ m - ~ .  The decay of the oxygen atoms at molecular oxygen flows greater 
than that giving maximum [O] increased when the hydrogen atom concentration was 
raised; this was clearly due to reaction (lo), the rate of production of OH by (7) 
followed by (8b) being greater. 

According to eqn. (iii), the reaction 
HS + O2 4 0  + OH + 21 kcal/mole 

H + OH+H2 + 0 + 2 kcal/mole 

(14) 

(1 5)  

followed by (9) and (10) would yield an oxygen atom concentration no greater than 
0.03 [H,S],. The rate of the reaction 

can be calculated from data on the reverse reaction l 6  and the equilibrium con- 
stant l8 ; it was negligibly slow under our conditions. Hence the main source of 
oxygen atoms is 

(1) 
as this is the onlyreaction which. can produce the observed oxygen atom concentrations. 

At low oxygen flows the concentration of atomic oxygen was very small. Atomic 
sulphur adsorbs on the surface of the flow tube and several workers 4 9  19* 2o have 
found that SO is formed on reaction of oxygen atoms with solid sulphur. The low 
oxygen atom concentration can therefore be attributed to removal of the atoms 
formed in (1) by the reaction 

(16) 
and the rising portion of the oxygen atom curve with increasing oxygen flow (fig. 2) is 
due to competition between reactions (1) and (16) for the removal of sulphur atoms. 
Any S2 formed by the recombination of S atoms or by reaction (17) would be con- 
verted to SO by reaction (18) : 

S + O2 -+ SO + 0 + 6 kcal/mole 

0 + S,+SO, AHo = - 58 kcal/mole 

S + HS-8, + H + 16 kcal/mole 
0 + S 2 4 0  + S + 22 kcal/mole, 

0 2 + s 2  = 2so 

(17) 
(1 8) 

followed by (l), which together have the stoichiometry 

and therefore do not constitute a removal process for oxygen atoms. 
The oxygen atom profiles in fig. 2 can be considered as the resultant of two 

contributions : a formation curve, due to reactions (l), (16) and perhaps (18), which is 
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1564 H H2S + 0 2  REACTION 

approximately independent of reaction time, and superimposed on this a decay curve 
due to reaction (10) which becomes more important at longer reaction times. This 
explains the observation that the maximum oxygen atom concentration is smaller and 
occurs at lower oxygen flows when the reaction time is increased. 

Experiments were performed using a short reaction time (0.05 sec) and a low 
pressure (0.9 mm Hg) to minimize the formation of OH radicals and oxygen atoms in 
(8b) and (8c )respectively. The hydrogen sulphide concentration used was [H2SIO = 
3 x 10-l1 mole ~ m - ~ .  Under these conditions the oxygen atom concentration was 
close to its maximum (ca. 70 % yield) for a molecular oxygen concentration of10 x 
10-l1 mole ~ m - ~ ;  at this point the total atomic oxygen concentration formed by (7) 
followed by (8c) in the available reaction time was less than 0*037[H2SIo and the 
hydroxyl radical concentration from (7) followed by (8b) was between 0.037 and 
0-1 14[H,S],. The concentration of SO observed at [02] = 10 x 10-1 l mole ~ r n - ~  was 
0.95[H,SIo which is consistent with complete conversion of the H2S to SO and removal 
of 5 % of the SO by reaction with OH. Making allowances for the oxygen atoms 
present in the discharge products, for those formed in (8,) and for the removal of 
atoms in (lo), the concentration of oxygen atoms formed was between 0.66 and 0-70 
[H2SIo. If the reaction mechanism were simply formation of sulphur atoms by (19) 
and (20) and their removal by (l), then concentrations of 0 and SO 

H + H2S-+H2 + HS + 15 kcal/mole (19) 

H+HS-+H,+S+ 17 kcal/mole (20) 
close to [H2S], would be expected. The SO concentration was in good agreement 
with this, showing that the reaction had proceeded to completion, but the oxygen 
atom concentration was about 30 % lower. 

There are four possible explanations of this discrepancy : (i) the sulphur atoms 
might remove oxygen atoms on the surface of the flow tube. This implies competition 
between reactions (16) and (l), and the oxygen atom concentration would be expected 
to continue rising with increasing oxygen flow, whereas the observed curve appeared 
to be levelling off at [O,] = 10 x 10-l1 mole ~ r n - ~ .  However, the maximum was not 
actually attained and since this mechanism requires removal of 85 % of the sulphur 
atoms by reaction (1) if the 0 atom yield is 0.7 [H2SIo, the rise in the oxygen atom curve 
will be gradual and could have escaped detection. 

(ii) The oxygen atoms formed in (1) could be removed by reaction with H2S or HS : 

0 + H2S +OH + HS + 13 kcal/mole 
0 + HS -+SO + H + 38 kcal/mole 

(21) 
(22) 

The work of Liuti, Dondes and Harteck 21 shows that hydrogen sulphide reacts much 
more rapidly with hydrogen atoms than with oxygen atoms, and so reaction (21) can 
be neglected. For H and 0 atoms to compete for HS radicals would require a lower 
limit of k2253 12 k20 if reaction (1) were assumed to be instantaneous at [02] = 10 x 
IO-ll mole ~ r n - ~ .  Any contribution from the reaction 

O+HS+OH+S+ 16 kcal/mole (224 
could not have been important in this experiment since a large proportion of the 
resulting OH radicals would react with SO in reaction (6) and therefore decrease the 
observed SO concentration. The concentration of OH radicals formed in (8b) 
during the reaction time was quite low (<O-114[H2S],). OH radicals can therefore 
have little influence on the removal of H2S and so (19) is definitely the dominant 
reaction removing H2S. 
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R. W. FAIR AND B .  A .  T H R U S H  1565 
(iii) The SH radicals formed in (19) could react with themselves 

HS + HS+H,S + S + 2 kcal/mole 
+H2 + S, +33 kcal/mole 

Since S2 can be converted to SO without yielding oxygen atoms, this mechanism 
requires that 30 % of the HS radicals form S, .  If SH radicals are removed signifi- 
cantly by reaction (23b), this process must predominate over reaction (20) because 
the yield of sulphur atoms in the H + H2S reaction is unaffected on changing the hydro- 
gen atom concentration by a factor of tw0.l A change of 10 % in the sulphur atom 
yield would have been detected (ix., a 20 % change in the intensity of the S2 emission) ; 
hence the lower limit of k,,, is The rate constant of reaction (20) has not 
been measured, but a calculated value 22 of k,, = 2 x loll cm3 mole-l sec-l at 
300°K is plausible. This then gives a lower limit of k2,,=2 x loi3 cm3 mole-l sec-l. 

Strausz, Donovan and de Sorgo 23 obtained a value of k23n+k23b = 1-4 x loL4 
cm3 mole-' sec-', but their data yield no relative rates for reactions (23a) and (236). 
Darwent, Wadlinger and Allard 24 found that this reaction proceeded almost entirely 
through path (23a). The corresponding reaction of OH radicals shows no evidence 
of the four-centre path corresponding to (23b), and present evidence is against the 
occurrence of rapid four-centre reactions. We therefore consider that (23b) cannot be 
fast enough to play an important role in our system, and note that reactions (1914 
(23a) and reactions (19) + (20) have the same overall stoichiometry : 

2H+H2S = 2Hz -t- S 

(iv) The occurrence of reaction (17) would result in the formation of S, rather than S 
and therefore yield SO without producing oxygen atoms. Reactions (17) and (20) 
are almost equally exothermic and involve breaking the same bond; it is therefore 
probable that k17 - kzo. If so, (17) is unlikely to compete with (20) for HS since 
[H2SIO = 0*04[H], or for this reason to compete to a significant extent with (23a) if 
this is the main second step, that is if k23a$k20. If competition between reactions 
(17) and (20) is the explanation of the low yield of atomic oxygen, our results would 
require a value of k17 = 30kzo. 
All the evidence supports the view that atomic sulphur is rapidly produced in nearly 

stoichiometric yields (0-85+0*15) when H,S reacts with a great excess of hydrogen 
atoms. The 30 % deficiency of the oxygen atom yield in the presence of O2 appears 
to be due to removal of oxygen atoms by reactions (16) or (22) (i.e., cases (i) and (ii) 
above) ; our results cannot distinguish these two possibilities. 

The occurrence of reaction (1) followed by (4) causes an increase in the intensity 
of blue and U.V. emission as I. for the SO, afterglow is greater than for the S z  emission 
(by a factor of 2-66 at 3660 for an argon carrier at 2.2 mm Hg pressure). This rise 
in intensity below the point of H2S addition is more rapid at higher oxygen flows. In 
determining kl by analyzing this intensity rise, allowance must be made for the fact 
that the SO, afterglow only reaches 70 % of its expected intensity. This can be due 
to either the occurrence of reaction (16) or to the removal of SO and 0 by OH in 
reactions (6) and (10) ; the magnitude of this effect is consistent with the amount of 
OH produced in the reaction time. Zit is assumed that the 0 and SO concentrations 
are a fixed percentage of their theoretical values at all reaction times, analysis of the 
rise gave constant values of kl = (1-1 kO.2) x 10l2 cm3 mole-l sec-l. If this cor- 
rection is ignored, the value of kl decreases with increasing reaction time but extra- 
polation to t = 0, which eliminates the effect of any decay of 0 or SO, yields kl  = 
(1.3 k0.2) x 10l2 cm3 mole-' sec-l. These two sets of determinations are encom- 
passed by a value of k, = (1*2+0.3) x lo1, cm3 mole-1 sec-I at 298°K. 
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1566 H + H2S + 0, REACTION 

D E C A Y  OF H Y D R O G E N  ATOMS 

The hydrogen atom decay in the presence of constant 0, flo.ows was investigated by 
adding various flows of hydrogen sulphide and measuring the corresponding hydrogen 
atom concentrations, [HI3, at a fixed point (reaction time t )  downstream. As before,’ 
the H2S is assumed to be rapidly converted to atomic sulphur with the consumption of 
two hydrogen atoms per H2S molecule, and the rate constant kH for the subsequent 
catalytic decay is defined by 

The apparent overall rate constant kfI for hydrogen atom removal is given by 
- d[H1/dt = kH[Hl[H2S10 

where [HI, and [HI2 are the hydrogen atom concentrations at the H2S inlet jet and the 
observation point respectively in the absence of H,S. Typical results are shown in 

0 2 4 6 

10’ ‘[H2Sl0 (mole ~ r n - ~ )  
FIG. 5.-First-order plots of hydrogen atom decays in the presence of constant oxygen flows. 
t = 0.210 sec; [M] = 1-18 x lo-’ mole ~ r n - ~ ;  10” [O,] (mole ~ m - ~ )  : 0, 3.17 ; e, 9-64 

fig. 5. As can be seen by comparing fig. 5 and 6, a sudden acceleration of the hydro- 
gen atom decay was observed for H2S flows greater than that which reduced the oxy- 
gen atom concentration to zero ; values of kH and kk were obtained from the initial 
slopes of the hydrogen atom decay plots. Fig. 7 illustrates the dependence of kH and 
kk on the molecular oxygen concentration, plotted against 1 /[02]. 

At high [O,], kfI approaches zero; i.e., the overall hydrogen atom consumption 
including reactions (19) and (20) is negligible. The amount of SO produced and the 
increase in LO] are negligible although reaction (1) is rapid. These unexpected results 
arise largely because some of the OH radicals produced in (7) followed by (8b) react 
with 0 and SO formed in (1) by reactions (6) and (10) to give a stoichiometric yield of 
H atoms rather than yielding i H  by reactions (9) and (10). Theremainder of this effect 
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R. W .  F A I R  AND B .  A .  T H R U S H  1567 

is accounted for if OH reacts with H2S and HS to some extent. For the highest 
oxygen flows the steady state concentration of OH could reach 0.05[H], and reactions 
(24) and (25), 

(24) 
(25) 

might compete effectively with (19) and (20) which are 15 kcal/mole less exothermic 
and may therefore have lower rate constants. The observed overall stoichiometry 

OH + H2S+H20 + HS + 30 kcal/mole 
OH + HS-+HzO + S + 33 kcal/mole, 

a 

10"[H2SJo (mole ~ r n - ~ )  
FIG. 6.-Dependence of 0 atom concentration on [H,S],. 

t = 0.210 SCC; [MI = 1 . 1 8 ~  lo-' mole cmV3; 1011[02] (mole cnr3) : 0, 3.17 ; e, 9.64. 

n n  0 0 u 0 
0 

a 
a 

I I 
I I I 

0 2 4 4 

1O-'O/[O2] (cm3 mole-') 
FIG. 7 . P I o t s  of k~ and of against l,"O,]. 

0 =- A H ;  0 == h' t = 0.210 sec: [MI = 1 . 1 8 ~  lo-' mole cm-3. €I 
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1568 H + H2S + 0 2  REACTION 

provides strong evidence that the destruction of SO yields H atoms, i.e., for reaction 

At lower oxygen flows the rate constants kH and kf ,  rose to constant values. 
Using thevalue of kl determined above, reaction (1) was at least 90 % complete during 
the reaction time even at the lowest 0, flow used, and since sulphur atoms can also 
be removed by reaction (16) all the sulphur atoms were removed before the observa- 
tion point. Measurements of the SO concentrations confirmed this. If the hydrogen 
atom decay under these conditions were due to the sulphur atom catalyzed surface 
removal of hydrogen atoms described previously,l the value of kH would be expected 
to be approximately inversely proportional to the 0, concentration since the S atoms 
are removed more rapidly at higher 0, flows. However, from fig. 7, kH was unaffec- 
ted when the O2 concentration was changed by a factor of 4, suggesting that another 
species was responsible for the decay. This species was probably SO. Plots of the 
SO concentrations against [H2SIo were almost linear except for very low H,S flows 
where removal of SO in reaction (6) becomes important. In their linear regions the 
values of d[SO]/d[H,S], changed from 0.7 to 0.95 between the high and low [O,] ends 
of the region of fig. 7 where kH is constant ; since this variation of d[SO]/d[H2SIo was 
small, approximately constant values of kH would be expected here if SO were the 
catalytic species. 

(6). 

7 n O a 4 r  

c 
0 ! L  5 0.2 

00 
-0 - -  

0 

,o- 
0 

0 0  

-- 
0 

0 0.5 1-0 1.5 

107[M] (mole ~ r n - ~ )  

in fig. 7. 
t = 0-210 sec; [O,] = 2 . 5 2 ~  10-l1 mole ~ r n - ~ .  

FIG. 8.-Pressure dependence of k H .  The broken line represents the limiting value of k~ 

The second-order reactions 

H + SO-+HS + 0 - 38 kcal/mole 
+OH + S - 22 kcal/mole 

are strongly endothermic, and therefore any homogeneous catalysis would be third 
order 

H +  SO+ M-+HSO -t- M (27) 
H + HSO-H, + SO (28) 

However, the value of k2,  needed would be > 10'' cm6 mole-2 sec-l, and there was 
no clear evidence that k, had a significant pressure dependence (see fig. 8). It was 
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R .  W. FAIR AND B .  A .  THRUSH 1569 

therefore concluded that the reaction is heterogeneous, the scatter being associated 
with variable surface conditions. 

The H,S flow at which the oxygen atom concentration decreases to zero presum- 
ably corresponds to complete removal of O2 and 0 in reactions (1) and (16). At 
higher flows the additional sulphur atoms will not be removed and these will cause the 
accelerated hydrogen atom decay observed (fig. 5 and 6). 

DISCUSSION 
It is unexpected that OH reacts more rapidly with SO than with O(k,  = 2.5k1,), 

but a similar effect is observed with NO2, where kI3 = 1*5k12(ref. (9)). In both cases 
the effect of the 12kcal/mole greater exothermicity of the reactions of SO must 
outweigh the greater decrease of entropy on activation due to the loss of rotation of 
SO. In terms of the transition state theory, k6 and klo are so large that the difference 
between them cannot be accounted for in terms of a difference in activation energies, 
but in terms of a difference of AE: values which must be negative to give a sufficient 
density of energy levels in the transition state. 

The value of kl = (1-2+0*3) x 10l2 cm3 mole-I sec-' is reasonable when com- 
pared with the closely related isotope exchange reaction 

for which rate constants of 0-6 x l0lz and 1.0 x 10l2 cm3 mole-1 sec-' have been 
reported 2 5 *  26 also at room temperature. Our value of kl is also consistent with 
Callear's observation in the flash photolysis of CS2 that 5 mm Hg of O2 is sufficient to 
decrease the concentration of sulphur atoms below the limit of detectability in 10psec. 

The present work shows clearly that the addition of molecular oxygen provides a 
useful tool in investigating the reactions of sulphur atoms in the gas phase, and that 
the reaction of excess atomic hydrogen with hydrogen sulphide provides a useful 
stoichiometric source of sulphur atoms. However, the complexity of the reactions 
observed here, and possible presence of species such as S2 in other systems, stress the 
need to measure the concentrations of as many active species as possible in such 
reactions. 

0 + 0 2 - ) 0 2  + 0 (29) 
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