CATALYTIC OXIDATION OF HYDROGEN SULPHIDE

How sulphur really forms
on the catalyst surface

The catalytic oxidation of hydrogen sulphide to sulphur plays a major role in the sulphur
recovery process. The catalytic stages of a Claus unit produce about 30% of the total sulphur.
The catalytic reaction is unique in being practically 100% selective, and it has been intensively
investigated for many years in an effort to understand the nature of the active centres. Other
research has been carried out to understand the kinetics of the reactions, as well as to
elucidate the catalytic oxidation of H,S to sulphur by oxygen. Nevertheless, many aspects of
these catalytic reactions remain unexplored. Here, T.K. Khanmamedov of TKK Company and
R.H. Weiland of Optimized Gas Treating, Inc., provide a new understanding of the reactions by
appealing to the unique nature of sulphur itself.

he catalytic Claus process is central
Tto gas processing plants and refiner-

ies that include amine desulphurisa-
tion and sulphur recovery units (SRUs). The
SRU includes the thermal oxidation of H,S
in the gas phase with air (or air enriched
oxygen) at high temperature with the for-
mation of elemental sulphur, SO,, water
and some side products, such as COS,
and CS,.

H,S +3/,0, > S0, +H,0 (1)

exothermic

2H,S + S0, =23/,S, + 2H,0 (2)
endothermic

3H,S + 3/20, - 3/,S,+ 3H,0 (3)
overall reaction, n =1,2

Figure 1 is a simplified diagram of the
SRU. The thermal stage is followed by a
waste heat boiler (WHB) producing high
pressure steam, and a sulphur condenser
where liquid sulphur is separated from the
gas with the simultaneous generation of
medium pressure steam. The gas from the
condenser is heated (RH) and sent to cata-
lytic reactors (CatBed) where the remaining
H,S and SO, react with each other to form
sulphur. Also, some of the side products
such as the COS and CS,, produced in the
thermal reactor are converted to H,S in
the first catalytic stage. A typical SRU con-
sists of two or three catalytic reactors each
served by its own sulphur condenser. The
following reversible reaction occurs over
activated alumina in a catalytic reactor:

Fig 1: Simplified diagram of sulphur recovery unit

i RH 1 RH 2 RH 3
air
WHB
—> catalyst bed 1 catalyst bed 2 catalyst bed 3
—>
thermal o
reactor to incinerator
acid gas | | | |

62

2H,S + SO, — 3/nS, + 2H,0 (4)
exothermic, n = 6,8

Reactions (2) and (4) use the same reac-
tants to produce different forms of sulphur
and under different thermal conditions.
Reaction (2) produces S or S, in the high
temperature zone of the reaction furnace
and is endothermic by nature (Fig. 2).
Reaction (4) produces Sg and Sy at a
much lower temperature in the catalytic
beds and is exothermic. This leads to the
unique thermodynamics for H,S oxidation
to sulphur shown in Figure 3.

There are numerous articles published
and patents granted for the catalytic oxi-
dation of H,S to elemental sulphur in gas
streams with low concentrations of H,S.
It is well known that regardless of the
reaction path of H,S oxidation to sulphur
(e.g., “direct” versus “partial” oxidation),
the thermodynamic limitation of reaction
equilibrium of the overall reaction (3) must
remain inviolate. Equilibrium thermody-
namic limitations on chemical reactions are
path independent. This is shown in Figs 2
and 3 which correspond to the equilibrium
thermodynamics of reactions 2 and 4 over
a wide range of temperatures and H,S con-
centrations. Conversion of H,S to sulphur
depends strongly on temperature and on
the concentration of H,S in the feed gas.
It can never exceed the level permitted
by equilibrium thermodynamics, no mat-
ter how the reactions are carried out (i.e.,

Sulphur 345 | March-April 2013



Fig 2: Thermodynamics of H,S oxidation to sulphur: H,S
conversion vs temperature vs. concentration of H,S

in the acid gas
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in this case by either “direct” or “partial”
oxidation). For example, for a gas stream
containing 2 vol-% H,S, the equilibrium
limit for conversion of H,S to sulphur in
the temperature range 273°C to 300°C is
50% to 60% (Fig. 3), not 93% and higher
as claimed in some patents and articles.
A study of hydrogen sulphide oxidation in
the presence of different catalysts inevi-
tably leads one to the conclusion that all
oxidation reactions of hydrogen sulphide to
sulphur occur in-situ at active sites on the
surface of the catalyst via the formation of
SO, as well as by the further reaction of
H,S with the SO, already formed and still
adsorbed on the surface. In reality, there is
no such thing as “direct” catalytic oxidation
of hydrogen sulphide to sulphur, despite
the attractiveness of the concept. There
are a number of publications in the scien-
tific and patent literature that make claims
of nearly 100% conversion of H,S to sul-
phur using various catalysts with lean acid
gases; however, all such claims violate the
equilibrium conversion limitations dictated
by the thermodynamics of reaction equilib-
rium — thermodynamics cannot be ignored.

There also seems to be some confusion
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between the terms “conversion” (of hydrogen
sulphide to sulphur) and “sulphur recovery”.
Even with very high levels of H,S conversion
to sulphur, it does not follow that there is
necessarily a high level of sulphur recovery.
The recovery process itself occurs in the
condensers, and it is quite hard to recover
all sulphur from the reactor outlet in dilute
systems using condensers of normal size or
even using so-called super condensers.

This article concerns the kinetics of
H,S oxidation to sulphur in the tempera-
ture range of operation of the catalytic
beds. The well-known kinetic models for
the catalytic Claus process over y-Al,0; do
not include all the components necessary
to distinguish the various forms of sulphur.
For example, the first attempts to describe
the kinetics of this reaction were made in
1976 and provided the following purely
empirical kinetic expressions based on lit-
erature data?? see Figure 4.

Although the partial pressures of H,S
and H,0 were taken into account in these
equations, the rate expressions themselves
do not mirror the chemistry of sulphur for-
mation on the catalyst surface. Furthermore,
they do not reflect the role of the reverse

Fig 4: First empirical kinetic expressions for catalytic oxidation of H,S
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Fig 3: Thermodynamics of H,S oxidation to sulphur: H,S
conversion vs temperature vs concentration of H,S in the
acid gas (temperature range of catalytic reactions)
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Claus reaction and they contain no element
that would reflect the role of ratio H,S/
SO,. Similarly, there are other published
articles on the kinetics and mechanism of
H,S oxidation over different catalysts but the
authors drew similar conclusions based on
the same wrong concept. So, what is the
wrong with these equations?

The central problem is that none of
them refers to the real nature of sulphur.
They are all derived from the same basic
suggestion that the formation of mono-sul-
phur, S,, on the surface of the catalysts
includes a step of dissociative adsorption
of H,S on the surface of the catalyst. The
S, attached to the active site then desorbs
into the gas phase from the surface of the
catalyst. In the last step of the mechanism,
sulphur desorbs from the active site, Z:

Z-S—>S+Z

This particular desorption step is com-
pletely contrary to the very nature of sul-
phur. The fact of the matter is, sulphur
simply does not exist as S, in the tempera-
ture range of the processes that take place
in any catalytic oxidation reactors for con-
verting hydrogen sulphide to sulphur below
350°C". Below this temperature sulphur
exists only in the form of cyclic clusters S
with n = 6 or 8. In short, the foregoing is
emphatically not a plausible explanation for
sulphur formation at the catalyst surface.

Kinetic schemes and models

Any plausible kinetic model of H,S oxida-
tion to sulphur by SO, or O, over any cat-
alyst (y-Al,O5, TiO, etc.) must reflect the
real nature of the sulphur that forms in the
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temperature zone of the catalytic process.
Results of the first attempt to produce such
a model were reported in 1988 when Khan-
mamedov* described kinetic measurements
of H,S oxidation over an original TiO,-based
catalyst. The experiments were conducted in
a specially designed reactor using catalyst
pellets of a size that eliminated both dif-
fusional limitations within the catalyst par-
ticles and any temperature gradient within
the catalyst bed®. The main results of this
study can be used as a tool to optimise H,S
catalytic oxidation processes.

The significant effect of 10-30 vol-%
water vapour in the feed that Khanmamedov
observed led to a substantial decrease in
the rate of oxidation of H,S to sulphur. The
practically 100% selectivity of the catalytic
Claus reaction with the formation of only a
very few products — S, (Sg) and H,0, and the
limited number of components in the feed
(H,S and SO, only) obviated the need to sim-
plify the kinetic model. This circumstance
made it easy to derive a kinetic equation6.
Contrary to the earlier work of others on the
kinetics of catalytic H,S oxidation, the fact of
the formation of the thermodynamically sta-
ble clusters Sg and Sg was explicitly taken
into account in this work.

It was established that the best
description of the observed results over
a wide temperature range was based on
the following stoichiometric equations of
the reaction stages. For the first time,
Khanmamedov proposed new steps in the
mechanism paths for elemental sulphur
formation on catalyst surfaces in sulphur
production units (Claus process, partial
oxidation of H,S etc.), which formed the
basis for the development of new kinetic
models*°. The new mechanisms and
kinetic models are based on the fact that
in the temperature range of operation of
these catalytic reactors, elemental sulphur
does not exist in the mono-atomic form but
only as the 6- and 8-membered rings, Sg
and Sg. Therefore production of sulphur
takes place with the intermediate forma-
tion of di-, tetra-, hexa- and hepta-sulphur
species on the surface of the catalysts
with further formation and simultaneous
desorption of cyclic S; and Sg into the gas
phase. Formation of elemental sulphur on
the surface of different catalysts in the
Claus process is shown in the table below.
Similar reaction mechanisms should be
considered for elemental sulphur forma-
tion in any other type of catalytic process
for oxidation of H,S to sulphur. By using
the principle of quasi stationarity of the
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Table 1: Steps in the mechanism for the catalytic oxidation of H,S by SO,

Overall Reaction: 2H,S + S0, — 3/ S5 + 2H,0*

H,S +Z<=Z-SH,
S0,+Z =227 -0,
Z-SH,+Z—>Z-SH+ZH
Z-S0,+Z-H—>Z-S:+Z-0,H
Z-SH+Z-0,H—>Z-S:+Z-HOH
Z-HOH +Z — 2Z - OH
Z-SH+Z-0H—>Z-S:+Z-0H,
Z-OH+Z-H-—>Z-0H,+Z
Z-O0H,=Z+H,0
27-S1=27-5S:+2

27 -SS: =27 -SSSS: +Z

27 - SSSS: =7 - SSSSSSSS: + Z
Z - SSSSSSSS: = Z + S,

Z — Active site on the catalyst’s surface

* Similar reactions take place for S formation but via shorter path.

concentrations of intermediate chemical
compounds (activated complexes) and the
condition of quasi-equilibrium of adsorp-
tion-desorption, the kinetic model of this
reaction was derived by using the kinetic
stages shown in Table 1.

In the authors’ opinion it is logical to
assume that the formation of cyclic clus-
ters of Sg and Sz occur on the same active
sites of the catalyst that are responsible
for the adsorption of H,S, SO, (0,) and
H,0. Indeed, this can be observed by
using special techniques such as in-situ
spectroscopy.

The thermodynamically reversible
nature of the Claus reaction® was consid-
ered while developing the kinetic equa-
tion. Accordingly it was assumed that the
reverse Claus reaction takes place on the
same active catalyst sites with participa-
tion of Sg, Sg and H,0.

Assuming that step (3) is limiting for
the overall reaction, the rate of conversion
of H,S can be calculated as:

W =W, = K;[Z-SH,][Z] = KKy, [H,S][Z]?

The assumption that step (3) is reaction rate
limiting is based on an earlier publication®
in which much weaker adsorption of H,S on
the surface of y-Al,0; was reported than for
SO,. Thus the total concentration of H,S
adsorbed on active sites is low and because

of this the reaction step involving H,S then
would tend to be rate limiting. This step as
rate limiting is also supported by the results
of the response method carried out by Khan-
mamedov on TiO,-based catalysts.

Quasi-steady state concentrations of
intermediates can be determined under the
assumption that the time rate of change of
the concentrations of (adsorbed) interme-
diates is so slow as to be essentially zero.
The expressions for the concentrations
of various intermediates result from writ-
ing rate equations for the intermediates
according to the elementary stoichiometry
of the reactions in Table 1 and setting the
time derivatives to zero, see Figure 5.

Assuming adsorption equilibrium in
steps (1), (2), (9) and (13), and after
replacing concentrations by appropriate
component partial pressures, the kinetic
model for the catalytic Claus reaction is
shown in Figure 6.

The calculation of the kinetic param-
eters has been carried out using kinetic
data and values for enthalpy, entropy and
exponents on activation energies were
obtained.

The final kinetic model of the Claus cat-
alytic reaction is as follows (mole/L min)
see Figure 7.

Using this equation, the calculated
results were found to match the experi-
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Fig 5: Expressions for intermediates concentrations based on stoichiometry
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Fig 6: Kinetic model for Claus catalysis expressed by partial presures
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Here, W is the rate of H,S conversion in reaction (3), are adsorption equilibrium
constants for Steps (1), (3), (9) and (13), and K!, K', K" and KV are constants,
obtained from the following simplifications:

KK
K =Ky +—2 15 K'= K, K1+ 15 )+i
KG KS 8 K8
KK KK KK
,{lV= [( 3 P1)0.5+( 3"'R )0.5+ 3 F’1)0.5
KiO Kil K12

Because Kg>>K;, Ks>>K; and K,>>K;, after simplification of K!, K' and K" the

following results:

K'= KPl; K'= KP2K4; K= 87A

mental data to within £ 20-35%. A correla-
tion between the rates of the reactions and
the partial pressures of H,S, H,0 and Sg,
and the ratio H,S:SO, reflected changes
in the reaction path and the possible influ-

ence of the reverse reaction. The previ-
ously suggested kinetic models did not
correlate with the ratio H,S:SO, and the
partial pressure of Sg, but depended only
on the value of the partial pressure of H,0.

In a completely parallel manner, the
oxidation of H,S to sulphur in a very dilute
acid gas (3 vol-% H,S) using oxygen over
a Ti-based catalyst® the following set of
steps in the mechanism steps was pro-
posed as shown in Table 2.

It is assumed that the two parallel
reactions (1) and (2) take place on the sur-
face of the catalyst. The final rate equa-
tion for this reaction, derived using similar
assumptions to those already used above,
yield (mole /L min), see Figure 8.

Numerical values of the coefficients for
the particular titanium-based catalyst were
regressed from experimental data using
method of least squares, and by solving of
differential reaction rate equations using
Runge-Kutte integration method, shown in
Figure 9.

The overall results were in fair agree-
ment with a large amount of experimental
data® and they reflected the practically
observed inhibiting effects of water vapour
and dependence on the ratio H2S/02. Con-
stants in the kinetic model were found to
be as shown in Table 3.

Table 3:
Kinetic model constants

Ko, = 7.0 exp(-12.35 103/T)
Kpp = 3.5 exp(-9.25 103/T)
Koy = 4.0 exp(-11.1 103/T)
Kog = 2.2 exp(-15.7 103/T)
Kpyp= 1.5 exp(-16.2 103/T)

K, = 1.5 exp(-2.5 103/T)
Ko = 4.7 exp(-3.7 103/T)
Ko = 7.0 exp(-5.7 103/T)
Kyo = 3.4 exp(-7.5 103/T)
Ky, = 6.0 exp(-3.2 103/T)

A similar approach can be used for the
known Shift-Claus® processo.

Fig 7: The final kinetic model of the Claus catalytic reaction, mole/Lt-min
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Fig 8: Final rate equation for parallel reactions 1 and 2
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Fig 9: Coefficients for titanium catalyst were calculated by Runge-Kutte method Conclusion

A mechanism path for catalytic oxidation
of hydrogen sulphide to sulphur has been

K'= 252508 Ki— kK, discussed. The mechanism involves the
kyko? formation of Sg and Sg that desorb from

the catalyst’s active sites with simultane-

ous formation of stable cyclic elemental

K _ KoK, . Kokok,, . kokokK,, sulphur. Kinetic models that identify the
k6kp2 k10k6kp2 k11k6kp2 main peculiarities of catalytic oxidation

in the Claus reaction and the oxidation of
H,S with oxygen have been suggested. The
underlying fundamentals of these kinetic
models can be used for comparison with
the activities of different catalytic systems,
for optimisation of the process for the reac-
tors of different design and for determining
model parameters for each catalyst.

Table 2: Mechanism for oxidation of dilute H,S by oxygen

2H,S + 0, - 2/4 Sg + 2H,0*
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