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The rate of S, formation from shock-heated H,S was measured by means of the UV absorption technique
in the temperature range of 2380—3000 K. At all the temperatures measured, the S, absorption during the
reaction could be represented by (S,),=(S;)e{l—exp(—£&t)},

where:

k=10%-2exp (—72 kcal/RT) s~%
The mechanism of the S, formation was proposed, and the value of the second-order rate constant, k;, for the
primary reaction, H,S+M-—>SH-+H-M, was estimated as follows:
ky = 1081 exp (—92 keal/RT) I mol-1s-1,
The effects of the addition of NO and O, on the rate of S, formation were also investigated. The results showed

the validity of the proposed reaction mechanism.

The thermal decomposition of H,S was studied by
a static method by Darwent et al.)) in pure H,S at
pressures between 30 and 300 Torr and in the tem-
perature range of 720—970 K. At the temperatures
above 900 K, they found that the reaction was second-
order with respect to the concentration of H,S and
that its apparent activation energy was about 50 kcal/
mol. The reaction was suggested to be 2H,S—2H,+S,.
In shock waves at temperatures above 1000 K, on the
other hand, the primary s.ep of the decomposition of
H,S, which is diluted in an inert gas, may be con-
sidered to be as follows:

HS+M->SH+H+M )

such as has been reported for the other triatomic
molecules. However, no data about the pyrolysis of
H,S in shock waves have been reported, although in
the oxidation of H,S Reaction (1) was recognized to
be the primary step.?? It was then stated that the
difficulty in the evaluation of the kinetic data for
Reaction (1) was due to the effects of oxygen and
other oxidizers which could not be removed from the
reactant.®) In this work, we observe the rate of the
S, formation from shock-heated H,S in Ar by using a
reactant purified carefully, and discuss the mechanism
of the H,S decomposition.

Experimental

The experiments were conducted in a 5-cm-diameter
shock tube with a 4.3-m-long test section. The shocks were
generated by high-pressure hydrogen in a 1.7-m-long driver
section. The system was pumped by an oil-diffusion pump
to less than 1X 10~* Torr before each run. All the measure-
ments were made behind the incident shock waves. The
light source used for the absorption measurements was a
300W Xe lamp (Ushio Electric Co.). The light was focused
with a mirror on the entrance slit of a monochromator (Jar-
rell-Ash, 0.25 m) which had been placed on the side op-
posite the light source with respect to the shock tube. The
selected light was detected by a photomultiplier (MS9SY),
whose output was recorded on a single sweep of an oscilloscope.
The rise time of the electronics was 2 ps or less. The con-
centration of S, was followed by observing the absorption
intensity at 320 nm (333;—®31; system). Although the SH
absorption band lies around 320 nm, the measured absorp-
tion at this wavelength was attributed to S,, since the absorp-

tion due to SH was negligibly small compared to the strong
absorption of S,.%

Hydrogen sulfide was produced by dropping a saturated
NaS aqueous solution into a 10% H,SO, aqueous solution
and was dried by passing it through calcium chloride and
phosphorus pentoxide. The gas thus obtained was solidifi-
ed and degassed at — 115 °C (mp of EtOH) and then purified
by fractional distillations between —115°C and —196 °C.
Mixtures of 5% H,S-95%Ar, 5%H,S-19%NO-94%Ar, and
59%H,S-1%0,-949%, Ar were prepared and kept in 8-1
flasks for more than 12 hr before use.

The experimental conditions were as follows: P;=8—16
Torr, P,=300—460 Torr, T,=2380—3000 K and p,(total
density) = (3.2—6.2) x 10—¢ mol/cm?3, where the subscript 2
denotes the condition just behind the shock front (chemically
frozen condition).

Results and Discussion

Rate of S, Formation. In preliminary experi-
ments, it was found that the rate of the S, formation
was greatly influenced by trace amounts of oxygen.
Therefore, the purification of H,S was carefully per-
formed in the manner described in the experimental
section. For the mixture of 59%H,S-95%Ar, no
induction period of the S, formation was observed
over the temperature range measured. A typical
oscilloscopic trace of S, absorption is shown in Fig. 1 (a).
The variation in the concentration of S, with the time
was expressed by the following relation:

In {(Sg)eo/ ((Sz) w0 — (S2) 1)} = &t ¢y

where (S,;)« denotes the concentration of S, at the
steady state, which is reached within the observation
time. In Fig. 1(b), a plot of the value of the left-hand
side of Eq. I is shown as a function of the laboratory
time. The experimental conditions and the values of £
determined from the above relation are listed in Table
1. The Arrhenius plots of k£ are shown in Fig. 2, where
the data obtained in preliminary experiments are also
included for comparison (lines (a) and (b)). In the
preliminary experiments, samples were purified by
solidifying, degassing, and distilling by using liquid
N, and were used without further purification. There-
fore, it is thought that slight amounts of air were still
present in the samples. From this figure, it appears
that trace amounts of an impurity accelerate the rate
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TasLE 1. EXPERIMENTAL CONDITIONS AND RATE CONSTANTS
P, P, T, k £y
Run No. Tolrt Tozrr K2 mol/?:m3 s71 I mol-1s-1
274 13 419 2640 5.08x10-¢ 1.80x 102 3.54x10°
276 15 432 2380 5.83 0.682 1.17
279 14 414 2440 5.45 1.09 1.99
280 11 376 2780 4.86 3.31 7.62
282 9 329 2950 3.58 7.60 21.4
283 8 300 3000 3.19 11.4 35.8
284 10.5 375 2890 4.81 5.44 11.3
285 9 321 2890 3.57 5.13 14.4
287 9.5 335 2860 3.76 5.38 14.3
289 16 460 2380 6.20 0.738 1.19
290 14 438 2570 5.48 1.04 1.89
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= - - Fig. 2. Arrhenius plots of the rate constant £ for S,
! formation. Data around lines (a) and (b) were
0 L L L obtained in preliminary experiments for 59, H,S-
0 % 100 150 200 959% Ar mixtures. Data around line (c) were
liab., WS obtained in this experiment for 5%, H,S-959% Ar
Fig. 1. (a): Sypical oscilloscopic trace of S, absorption mixture,
at 320 nm, 5% H,S-95% Ar; 7,=2570K; sweep
time=>50 us/cm. (b): Plot of —In{l—(I/Ix)} uvs.
laboratory time. ' ! T T
s lof ;
of S, production. The data obtained in this experi- ;«1 o
ment, corresponding to the most purified H,S, show =" 0 ® ° _
a large temperature dependence compared with the g; v g
other two sets of data, (a) and (b). The best fitting =SS °
. . . . . . = 6F L] R
straight line (c) gives the following expression in the =)
temperature range of 2500—3000 K : 22'00 25'00 28.00 31-00
k = 10°-2exp (—72 kcal/RT) s 1.
In Fig. 3, the values of {In(Z,/I,)}/(H,S), are plotted Ty K
as a function of 7, where I, is the light intensity at the Fig. 3. Plot of {In(/y/L,)}/(H,S), against temperature,

equilibrium and where the subscript o denotes the
condition just behind the shock front. Since the
extinction coefficient of S, does not vary with the
temperature,® it appears that the quantity of S, produc-
ed from the unit concentration of H,S is almost constant
over the temperature range measured. This fact
means that the recombination of S atoms does not
play a dominant role in the S, formation because the
composition between S; and S at the equilibrium,
S; 228, varies largely with the temperature in the

where I; and I, are transmitted light intensities at shock
front and at equilibrium, respectively.

range considered.

A possible mechanism of the pyrolysis of H,S ac-
companying the S, formation is considered to be as
follows:

AH 3 (kcal/mol)®

90.9 (1)
—13.3 @)

H,S+M — H+SH+ M
H,S + H - H, + SH
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2SH — H,S + S - 6.1 3)
H,S + S — 2SH 6.1 (=3
9SH —> H, + S, —37.3 (4)
SH+H - H, + S —19.4 (5)
SH+S —» H+S, —17.9 (6)

From the above reaction scheme and the observed
result that there existed no induction time for the S,
formation, it is assumed that the consumption of the
intermediates, H, SH, and S, is very rapid compared
with their production rate through the primary reac-
tion. Therefore, it is reasonable to use the steady-
state method for these radicals. Also, we assume
that (Sp)ee=C(H,S), and (Sy)e—(S,),=C(H,S),, where
C is a constant. With these relations, Eq. I is
rewritten as:

In {(H,S)o/(HyS)} = &t 1)

It appears that & is the first-order rate constant for the
overall reaction of H,S consumption.

For the S, formation in the H,S pyrolysis, we do
not have knowledge about which reaction is dominant
under those experimental conditions. Reaction (4)
was proposed for the flash photolysis of H,S by Norrish
et al.’)  On the other hand, Reaction (6) was proposed
by Cullis ef al.®) in their review of the combustion of
sulfur compounds, on the basis of the reason that the
latter is much faster than the former in spite of its
lower exothermicity. Also, in the discharge flow
system of H-H,S,” Reaction (6) was taken as a
dominant reaction of S, formation. In any event, if
the steady-state assumption is used for the intermediates,
the following conclusion can be obtained whether
Reaction (4) or (6) is taken as the main process of S,
formation. That is, the overall rate of the H,S de-
composition becomes twice the primary reaction rate,
as:

—d(H,S)/dt = 2, (H,S) (M) (111)
Since, in this experiment, the concentration (M) does
not vary with the time behind the shock front, the

second-order rate constant, k;, can be determined
from Eqs. II and III. The Arrhenius plots of &,
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Fig. 4. Arrhenius plots of k. Lines (a) and (b) cor-
respond to the preliminary experimental data for 59,
H,S-95% Ar mixtures. Line (c) corresponds to
this experiment.
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are shown in Fig. 4, where the preliminary data (cor-
responding to Lines (a) and (b) in Fig. 2) are also
included. It appears that the effects of impurities
become apparent at lower temperatures and that, even
for the most purified mixture, the data below 2500 K
become higher than the (c) line, the one most suitable
for the data above 2500 K. It has been shown in
the pyrolysis of H,O and SO, that, under the conditions
of relatively lower temperatures and higher concentra-
tions of the reactant, the systems involved many bi-
molecular reactions and that, as a result, the mecha-
nisms were complicated. This seems to hold also for
the pyrolysis of HyS. Thus, the following expression
for k; was evaluated from the data above 2500 K:

ky = 10131 exp (—92 kcal/RT) l mol—* s~

Effects of NO and O, When a mixture of 59%,
H,S+19% NO+949%, Ar was shock-heated, it was found
that the rate of S, formation slowed down extremely.
Because of the large effect of NO, the value of £ could
not be determined for this mixture. This effect suggests
that NO acts as a scavenger of radicals. As has been
proposed by Bradley ef al.1% in the experiment on the
H-H,S flow system, the following reaction is thought
to occur in our system also:

SH + NO - (SHNO)* —> removal of SH )

Furthermore, the following reactions may occur to
eliminate H atoms from the system:

H+NO + M — HNO + M (8)
H + HNO - H, + NO 9)

much like the elimination of S atom observed in the
photolysis of CS, and COS,'") but at high temperatures
these reactions are thought to be less important than
Reaction (7).

As is shown in Figs. 2 and 4, in the presence of trace
amounts of impurities the rate of S, formation was
accelerated in the lower-temperature region. The
most effective species is thought to be oxygen, which
could not be removed from the sample in the usual
manner. In the experiment on the 5% HyS+19%, O,
949, Ar mixture, it was found that the rate of S, forma-
tion was further accelerated. This can be explained
by adding the following bimolecular reactions to the
above reaction Scheme 1—6:

H+ O, > OH+O (10)
H,S + O — SH + OH (11
H,S + OH — SH + H,0 (12)

These reactions contribute to the formation of the SH
radical. Thus, the effects of the addition of both NO
and O, qualitatively support the above reaction scheme
proposed for the decomposition of H,S, although, from
this study, it is not apparent whether the main reaction
of S, formation is Reaction 4 or 6.

On the Value of k. Our experimental result for
k; can be expressed by the equation of the col-
lision theory: ky={pZ(D/RT)*"/(s—1)!}exp(—D/RT),
where p is the steric factor; Z, the collision frequency;
s, the number of effective vibrations in the molecule,
and D, the critical energy for HS-H bond dissociation.
According to the absorption spectrum of H,S!?, there
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exists a continuum band with a maximum at about
51000 cm™! and extending to 37000 cm—!. This contin-
uum was also observed in the experiment by Watanabe
et al.¥® and was ascribed to a predissociation. Since,
no discrete structure has been observed in the region
of further low wave numbers, this continuum is thought
to correspond to a nonbonding state which arises from
SH(2II) +H(2S). Therefore, it may be considered that
the dissociation proceeds via a crossing point whose
potential is higher than the energy state of the products,
SH(I)+H(2S). If we take 106 kcal/mol for the
critical energy, D,1% we obtain s=3.5. By introducing
these values into the empirical equation, E,=D—(s—
1.5)RT, the activation energy, E,, is calculated to be
94 kcal/mol at 2750 K. This value is very close to
the experimental value. Assuming the collision diam-
eters for H,S-H,S and H,S-Ar pairs to be 3.5 and
3.0 A respectively, we obtain p=0.5, which is com-
parable to the value of 0.14 for the analogous molecule,
H,0.1 The relatively large values of p for these
molecules can be feasibly explained by the spin-allowed
reactions.

Although, in this study, we did not consider either
the temperature change during the course of the
reaction behind the shock front or the boundary-layer
effects, it may be thought that the results are not
essentially changed by these effects.
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