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The Claus process: teaching an old dog new tricks
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Abstract

The potential of integrating reaction with adsorption in a single piece of equipment to favourably displace chemical equilibria
has attracted considerable attention in recent years. In contrast to the most such multifunctional reactor concepts investigated
so far, the aim of our work is to study an industrially relevant chemical system with all its peculiarities.

The feasibility of enhancing conversion in fixed-bed adsorptive reactors has been evaluated for the Claus reaction used
in sulphur recovery, which is usually carried out in a multistage process, to counteract the severe equilibrium limitations at
high conversions. Both experimental and simulation results indicate that the adsorption/reaction kinetics and the adsorbent
capacity have to exhibit appropriate and compatible values in order to overcome the equilibrium limitation and attain high
conversions in a single-step process.

A crucial point is the selection of suitable reaction conditions, since the occurrence of undesirable side-reactions (e.g.
suppression of COS elimination in the case of the Claus process) may be amplified by the distorted concentration profiles
in adsorptive reactor operation. In industrial applications such by-products may be of particular importance and thus exert a
decisive influence on the concentration profile modifications possible.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction 2H;S(9) + 502 (9) = =S, (9) +2H:0(9),
1.1. Claus reaction ArH,,, = —108 kymol 1)

Many of the catalysts used for the treatment of hy- High conversions for this exothermic, equilibrium-
drocarbons in the petrochemical industry are highly limited reaction call for low temperatures, the use of
susceptible to poisoning by sulphur compounds. It is Which, however, leads to low reaction rates, so that
thus essential to separate hydrogen sulphide from feed-a catalyst must be employed. Even so, high sulphur
stocks such as sour natural gases or crude oil. Sulphuryields still necessitate a multistage process with inter-
recovery typically involves application of the Claus Stage cooling and sulphur condensaf{i6)8]. Increas-
process using the synproportionation reaction betweeningly restrictive environmental regulations mean that
hydrogen sulphide and sulphur dioxide yielding ele- €Xisting processes must be improved or new concepts
mental sulphur and water vapour: developed to maximise hydrogen sulphide conversion

[1,9]. The technological challenge is aggravated by the
"+ Corresponding author. Tek+49-231-755-4454; increasing need to exploit feedstocks having higher
fax: +49-231-755-2698. sulphur contents, due to the depletion of high quality
E-mail address: elsner@ct.uni-dortmund.de (M.P. Elsner). resourcesKig. 1).
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Nomenclature

a parameter of the Freundlich isotherm
(mol/m?)0-25
G concentration of componen{mol/m?3)

Cp heat capacity (J/(Kkg))
Dax axial dispersion coefficient (ffs)
AHy  molar enthalpy (kJ/mol)

kq rate constant of the forward reaction
(mmol/(kg s mbak25))

ko rate constant of the reverse reaction
(mmol/(kg s mbar))

K, equilibrium constant

o partial pressure of componein(mbar)

p° standard pressure (mbar)

loh moles of adsorbate per volume
adsorbent (mol//)

'm catalyst mass based reaction rate
(mmol/(kg s))

t time (s)

T temperature (K)

u interstitial fluid velocity (m/s)

z reactor length (m)

Greek symbols

al coefficient in the mass balance (kgim

a2 coefficient in the mass balance (-)

B1 coefficient in the energy balance (kgim

B2 coefficient in the energy balance (-)

Aeff effective thermal conductivity
coefficient (W/(Km))

Vi stoichiometric coefficient for
component (-)
P density (kg/n3)

SQubscripts and superscripts
ads adsorption

eq equilibrium
F fluid phase
r reaction

S solid phase

1.2. Adsorptive Claus reaction

According to Le Chatelier’s principle, the removal
of a reaction product results in an equilibrium dis-

freen process is based upon the withdrawal of sulphur
by in situ condensation within the reactdO]. The
selective removal of water should, however, be a far
more effective technique, as its effect on the equilib-
rium composition in the mass action equation is much
greater:

p?(H20) p3/8(Sg) (p0)5/8
p?(H29) p(SOy)

The in situ combination of the heterogeneously catal-
ysed Claus reaction and an adsorptive water separa-
tion seems especially promising, as both reaction and
adsorption exhibit similar kinetics and pressure can
be adapted to the needs of the adsorptive separation.
Such an adsorptive reactor will lead to almost com-
plete conversion as long as the adsorption capacity is
not exhausted. There are numerous possibilities for
implementing these two functionalities, ranging from
fixed-beds with homogeneous catalyst/adsorbent mix-
tures to spatially structured distributions or even flu-
idised beds.

The operation of adsorptive fixed-bed reactors is
inherently periodic due to the need for adsorbent re-
generation once its adsorption capacity has been ex-
hausted. The zeolite adsorbent used can be regener-
ated effectively using an inert sweep géiy. 2shows
a flowsheet for the cyclic operation of such a process
with at least two adsorptive reactors, operated alter-
nately in the adsorption or regeneration mode. The
sulphur is condensed and removed between the reac-
tors. The virtually water- and sulphur-free gas emerg-
ing from the condenser can be heated and used as the
inert sweep gas for the regeneration of the second re-
actor. Once the adsorbent in the adsorptive reactor is
fully loaded, the direction of flow is reversed, so that
the regenerated reactor now serves as the adsorptive
stage while the adsorptive reactor from the previous
half cycle is regenerated. Alternatively, continuous op-
eration is possible using rotating, moving or fluidised
bed system§,6].

In the case of the Claus reaction zeolite-3A seems to
be the most promising adsorbent for in situ physisorp-
tion of water, due to its high adsorptive capacity, its
excellent selectivity and rapid adsorption kinetics.
Furthermore, facile regeneration by pressure swing
operation or with inert sweep gas and/or temperature
modulation is feasible. Compared to pressure swing

K,(T) =

)

placement to higher conversion. The conventional Sul- operation, which is fast and can be used to enhance



adsorption, temperature changes are rather slow, dueadsorption and the reaction process. The adsorptive
to the thermal inertia of the system. This leads to capacity must also be determined. High adsorptive
extended regeneration periods and, consequently, thecapacity under reaction conditions and an appropri-
need for additional reactors in quasi-continuous opera- ate catalyst to adsorbent ratio are prerequisites for
lengthy adsorption periods. Nevertheless, not just
the adsorption period and high conversion must be
considered, the regeneration is also an important
The conceptual design of an adsorptive Claus re- aspect in designing and evaluating adsorptive reac-

tion.
A commercial NaO-promoted A}Os catalyst (CR
4/8, Procatalyse) was used to catalyse the reaction.

Conventional multistage
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CLAUS process with integrated adsorption
X(H g) heterogeneously
catalysed CLAUS
reaction

Single-stage gas-phase process

:
2H,S +SO, == 2H,0 + 3,5,
I
reaction adsorption-enhanced reaction
.‘ ’ | 2H,S + SO,=P 21171+ 3,8,
adsorption :

Sk

actor requires preliminary kinetic studies of both the tors.

+Q,

2 H,S + 80, lyst + moist waste
+ inert gas rbent unioatsy gas
reaction + adsorption :
fH
of H,0 desorption of H,O
; condensation of sulphur
+Q
moist waste N\ ! N 2 H,S + S0,
gas \ \ + inert gas
desorption of H,O n reaction + adsorption

of H,0
condensation of sulphur ;
v

Fig. 2. Reverse flow adsorptive reactor concept for single-stage high conversion Claus process.
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Fig. 1. Single-stage adsorptively enhanced Claus process as alternative to conventional multistage processes.
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2. Investigation of individual process functions Moreover, for modelling the adsorption kinetics a sim-
ple LDF model (Linear Driving Force) was chosen,
which also describes the experimental values very sat-
isfactorily. The adsorptive capacity of the zeolite was

The kinetics of the Claus reaction were studied in @also found to be sufficiently large. No reactant adsorp-
the temperature range of 200-3@and at HS con- tion on the zeolite could be detected, in accordance
centrations between 0 and 15vol.% in a Berty-type With the high selectivity for water vapour expected.
reactor. The experimentally observed results can be

described well by the following empirical equatién:
The fixed-bed reactor was simulated using a one-

rm = ki(T) p(H29) p®?*(SQy) — ka(T) p(H20)  (3)
dimensional, dynamic dispersion model under both

From the temperature coefficients of the rate constants, jsothermal and adiabatic conditions, assuming that the

the activation energies were found to be 49.4kJ/mol fiyed-ped comprises a homogeneous mixture of cata-
for the forward and 89.3kJ/mol for the reverse reac- |yst and adsorbenf{g. 3):

tion. It is stressed once more that the kinetics are de-
scribed by a simple statistical equation which may in- 9¢;
clude mass transport phenomena. This might be also 3, —
the reason why the difference of the determined acti- adsorptiord i
vation energies do not fit to the reaction enthalpy. A o,

i at
comparison between experimental and calculated val- ) ) .
ues for the reaction rate indicates an agreement en-For adiabatic operation, the energy balance must also

2.1. Reaction kinetics

2.3. Modelling

3261'
ax 5
072

a(uc;)
0z

®)

— alvireactlor}” + asv

tirely adequate for the purposes of a basic reactor de- Pe solved:
sign. AT N 92T . a(uT)
Cp.S— — — c
psCp.s ef 52 T PFCnF—-

2.2. Adsorption kinetics and capacity

Due to comparatively mild temperatures of around
250°C, commercially available zeolitic adsorbents
are eminently suitable for the adsorptive Claus re-
action. For selective water adsorption, a zeolite-3A
(SYLOBEAD™ MS 562 C, Grace Davison GmbH)

= p1r(—ArHm) + 522%(—Aadsl‘1m,i)
@)
This one-dimensional parabolic system of differential
equations was discretised using finite QUICK differ-
ences (quadratic interpolation between each two dis-
crete elements) according to the Leonard schgfhe

(6)

was chosen which, owing to its pore diameter, adsorbs and solved numerically with gPRONPS4].

neither SQ nor H,S.

The determination of the adsorption kinetics was
carried out by chromatographic techniques and with
direct TEOM measurements (Tapered Element Oscil-
lating Microbalance). In the temperature and concen-
tration range relevant for Claus reaction, the adsorp-
tion isotherms could be fitted well using the Freundlich
equation (see footnote 1):
qeq(H20) = a(T)cgy>(H20),
AadsHy, = —30.5kJ/mol (4)

1 Both equations, reaction and adsorption, are only valid under
the mentioned conditions for Claus process.

2.4. Comparison of reaction and adsorption

A comparison of reaction and adsorption kinetics
indicates that they are of the same order of magnitude
and thus meets an important criterion for adsorptive re-
actors. This result can be illustrated by comparing the
lengths of reaction and adsorption zones that are nec-
essary to adsorb the entire amount of water produced
at a given temperatuff@]. A further matter to be clar-
ified is the optimal catalyst to zeolite ratio in a homo-
geneous fixed-bed. By ascertaining the breakthrough
time for various values of this ratio, an adsorbent
fraction of 43vol.% was found to be optimal under
the prevailing operating conditions. The conversion
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adsorption of reactants reaction & desorption adsorption of water
on catalyst of products on adsorbent

gas phase eV

Fig. 3. Individual steps consisting of adsorption of the reactants on the catalyst, reaction, desorption of the products together with the
adsorption of water vapour on the adsorbent are the basis for the model describing the phenomena within the adsorptively enhanced Claus
reactor.

enhancement in an adsorptive reactor was evaluated The problems associated with sulphur condensation
under isothermal conditions at a series of tempera- were be overcome by extensive electric line heating
tures. Above a temperature of 290 the adsorptive  and precise temperature control. Failure to avoid local
reactor was predicted to yield noticeably higher con- sulphur desublimation leads to pressure build-up due
version values than at equilibrium and the maximum to plugged lines. The sulphur formed is condensed at
value of more than 99.5 % was attained at about the reactor outlet in a sequence of two water-cooled
250°C. sulphur condensers at different temperature levels. In-
side these condensers a rotating scraper blade removes
the sulphur and guarantees a minimal thickness of

3. Experiments on the adsor ptive Claus reaction the sulphur film for reasonable rates of heat transfer.
Most of the sulphur is separated in the first condenser
3.1. Experimental equipment and the gas leaving the second condenser is nearly

sulphur-free.

A pilot-scale test facility was constructed to validate ~ Both feed composition and reactor outlet were anal-
the conversion enhancement predicted based on theysed for BS, SGQ and N, (inert) using gas chromatog-
positive simulation results. This Claus pilot-plant was raphy.
designed for the temperature range of 250-35@nd
a total feed of 2.5N/th containing up to 15vol.%  3.2. Experimental results
H>S. The reactor is equipped with a vacuum jacket
and an additional insulation to minimise heat loss and  Several experiments were carried out with a sto-
permit investigation of the reaction under virtually adi- ichiometric HS:SQ ratio and HS contents be-
abatic conditions. tween 5 and 10vol.% in the temperature range of
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CLAUS reactor

92% -
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Fig. 4. Comparison between the experimental data obtained under conventional and adsorptively enhanced Claus reactor operation ant
under adiabatic conditions @g$-content: 10 mol%, k5:SG ratio = 2:1, reactor inlet temperatur&, = 250°C).

250-350°C. The reactor was filled with a homoge- promise illuminating insights and interesting further
neous mixture of catalyst/adsorbent or catalyst/inert developments for the Claus reaction and similar sys-
containing 43vol.% of adsorbent/inert, respectively. tems.
The experimental results thus allow a direct compar-  In addition, the experiments in the adsorptively en-
ison between the conventional and the adsorptively hanced Claus reactor revealed further phenomena not
enhanced reactor operation. anticipated in the original analysis. The catalyst, for
Fig. 4 depicts this comparison for an experiment example, exhibited a certain amount of reactant sorp-
with a reactor inlet temperature of 250 and a HS tion, probably consisting of a combination of rapid
content of 10vol.%. The experimental results clearly H>S adsorption and slow S&hemisorption. The lat-
demonstrate that the in situ adsorption of the water ter effect is consistent with the somewhat sparse in-
formed in the reaction increases the sulphur yield for formation provided in the literature dealing with this
a period of more than 60 min prior to,8 break- topic [3]. The irreversible chemisorption of the $0
through. As a consequence of the zeolite becoming on the alkaliney-Al,O3 has been modelled approx-
saturated with water vapour and the increased temper-imately with a “shrinking core model” for particles
ature of the fixed-bed (adiabatic operation) theSH  of unchanging size. It was found that the chemisorp-
conversion subsequently approaches the equilibrium tion proceeds under diffusion control with an effec-
value representing the upper limit of conventional tive diffusion coefficient of about.Z x 10~°m?/s at
operation. 250°C. For the gas—solid reaction itself first order ki-
These initial experimental results show that the prin- netics with respect to the gas phase reactant were as-
ciple of an adsorptive-enhanced reactor is sound andsumed. From the Arrhenius plot the activation energy
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was determined to be 61.7 kJ/mol. Additional reactant velop a suitable regeneration strategy for the adsor-
adsorption experiments on this catalyst were used to bent chosen. At this point, the potential available in
extend the existing mathematical models to incorpo- structuring the catalyst and adsorbent composition of
rate reactant adsorption. This refinement yielded even the fixed-bed and in an intelligent temperature control
better agreement between calculated and experimentalkconcept will become important.
values. Another key issue is the undesirable side-reactions
Another effect of interest results from the thermal occurring in the Claus reaction, which are well known
inertia of the reactor system. In the adiabatic reactor, from the conventional process. In particular, the for-
periods of 10-15 h are necessary for reactor to achievemation of carbonyl sulphide COS from the;8l and
thermal equilibrium. A regeneration of the adsorbent CO, usually present in the Claus gas is especially
by temperature swing desorption is thus not feasible, problematical, and has already been qualitatively ob-
since the time off-line becomes excessive. As a conse- served to take place to a small extent. In contrast to the
guence only pressure change or sweep gas desorptiorconventional process, where COS is hydrolysed by the
with more favourable dynamics and suitability for re- excess water vapour present, such a fortuitous decom-
verse flow operation are realistic options. The thermal position reaction is precluded in the adsorptive reac-
inertia of the fixed-bed does, however, avoid the heat tor. What is more, the adsorptive Claus reactor would
liberated by the reaction interfering with the adsorp- actually be expected to increase COS formation due
tion process in adiabatic operation. to the high degree of water removal.
A matter of particular interest is the chemical resis-
tance of the catalyst and, even more so, of the zeolite to
4. Conclusion and future work the aggressive gas system. The key factor would seem
to concern the possible effect of $@n the loaded
The potential and pitfalls of an adsorptively en- zeolite. Microscopic and chemical analyses of the ze-
hanced Claus reactor concept were analysed in detail.olite and catalyst surfaces could help clarify this issue.
The kinetics of the Claus reaction and for the adsorp-
tion of water on zeolite-3A, together with the adsorp-
tion isotherms, were established from experimental Acknowledgements
data. A simple empirical relationship was used for the

description of the reaction kinetics on a commercial  The authors gratefully acknowledge the assistance
Al20s supported catalyst. Furthermore, a suitable ad- of procatalyse (Rueil Malmaison) and Grace Davison
sorbent was identified and characterised with respect mpH (Worms) in supplying catalyst and adsorbent
toits adsorption kinetics and capacity. The results indi- yegpectively, the assistance of Rupprecht & Patashnick
cate that under the operating conditions chosenthe ca-cq .| Inc. in carrying out the TEOM measurements

pacity of the zeolite-3A for water vapour is adequate. g well as the financial support of German Research
An LDF model was found to give a good fit to the  Foyndation (DFG) for this work.

adsorption data. The mathematical models developed
were validated in a pilot-plant and subsequently re-
fined. The superior performance of in the adsorptively R
enhanced reactor in comparison to the conventional
operation could be verified. The adsorptive Claus re- 111 \; gorshoom, P, van Nisselroy, The EUROCLAB®rocess,
actor would thus seem to be a promising subject for Achema 2000, Erankfurt am Main, 2000.

future research. Such work should address features [2] M.P. Elsner, C. Dittrich, D.W. Agar, Adsorptive reactors for
such as adsorbent regeneration and the influence of  enhancing equilibrium gas-phase reactions—two case studies,

side-reactions, which have been largely neglected so _ Chem. Eng. Sci. 57 (9) (2002) 1607-1619.

far [3] Z.M. George, Kinetics of cobalt-molybdate-catalyzed reac-
: . . tions of S@Q with H,S and COS and the hydrolysis of COS,
Even though the adsorption of water on zeolite has J. Catal. 32 (1973) 261-271.

been investigated thoroughly, a large amount of mod- 4] gprOMS (general PROcess Modelling System), Process

elling and experimental work remains in order to de- Systems Enterprise Ltd., London, United Kingdom.

eferences



494 M.P. Elsner et al./Catalysis Today 79-80 (2003) 487-494

[5] M. Heisel, H.-J. Reinhardt, Linde—Berichte aus Technik und  [8] U.H.F. Sander, H. Fischer, U. Rothe, R. Kola, Sulphur,

Wissenschaft 78 (1999) 18-24. Sulphur Dioxide and Sulphuric Acid, The British Sulphur
[6] R. Krishna, Reactive separations: more ways to skin a cat, Company Ltd., 1984.
Chem. Eng. Sci. 57 (9) (2002) 1491-1504. [9] TA Luft Germany, Nr. 2.5.1., 1986.
[7] B.P. Leonhard, A stable and accurate convective modelling [10] Ullmann’s Encyclopedia of Industrial Chemistry, Sulfur, 6th
procedure based on quadratic upstream interpolation, Comput. ed., Wiley, Weinheim, 2001.

Meth. Appl. Mech. Eng. 19 (1979) 59-98.



	The Claus process: teaching an old dog new tricks
	Introduction
	Claus reaction
	Adsorptive Claus reaction

	Investigation of individual process functions
	Reaction kinetics
	Adsorption kinetics and capacity
	Modelling
	Comparison of reaction and adsorption

	Experiments on the adsorptive Claus reaction
	Experimental equipment
	Experimental results

	Conclusion and future work
	Acknowledgements
	References


