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Abstract

Application of different alternatives for increasing the reaction furnace temperature of Claus sulfur recovery units (SRUs) are inves-
tigated by chemical equilibrium calculations. The Gibbs free minimization method based on Lagrangian multipliers is used for formu-
lating the problem. The usefulness of different techniques such as fuel gas spiking, indirect air and/or acid gas preheating, oxygen
enrichment, acid gas enrichment and direct air preheating for increasing the furnace temperature are determined by the proposed algo-
rithm. In the case of lean feed acid gases, it may be necessary to use a combination of methods in order to attain the minimum furnace
temperature required for flame stability and complete destruction of acid gas hydrocarbon contaminants. It is found that the acid gas
enrichment is a reliable technique for providing the required reaction furnace temperature when a high flow of too lean acid gas is to be
processed in a Claus unit. The predicted reaction furnace temperatures are in good agreement with the measured experimental values.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The Claus process continues to be the most widely used
process worldwide for the production of elemental sulfur
from gaseous hydrogen sulfide [1]. The requirements to
be met by Claus plants are dictated by the operating condi-
tions of modern refineries and natural gas plants and
increasingly stringent emission control regulations.

Several variations of the basic Claus process have been
developed to handle a wide range of feed gas compositions
[1,7,12]. Straight-through operation results in the highest
overall sulfur recovery efficiency and is chosen whenever fea-
sible. Air is supplied by blower and the combustion is carried
out at 1–2 bar, depending on whether or not a tail gas treat-
ment unit is installed downstream of the Claus plant.

In the modified Claus process, the overall reaction is
separated into (1) a highly exothermic thermal or combus-
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tion reaction section (reaction furnace) in which most of
the overall heat of reaction is released. (2) a moderately
exothermic catalytic reaction section in which sulfur diox-
ide formed in the combustion section reacts with unburnt
H2S to form elemental sulfur [1,5].

The principal reactions taking place in the reaction fur-
nace (Fig. 1) are [4,7]:

1. Oxidation of 1/3 of the H2S in the feed to form SO2.
This reaction is highly exothermic and causes to increase
the reaction furnace temperature and flame stability:

H2Sþ 3

2
O2 ¼ SO2 þH2O ðaÞ

2. A part of the sulfur dioxide (SO2) formed in the reaction
furnace, reacts with unburnt H2S to form elemental sul-
fur. This endothermic reaction causes approximately 2

3
of

the total sulfur production:

2H2Sþ SO2 ¼
3

2
S2 þ 2H2O ðbÞ



Nomenclature

ai,j number of atoms of element i in one molecule of
species j

bi number of moles of element i in the system
Cp constant pressure specific heat
F objective function defined in Eq. (1)
G Gibbs free energy
DG�fj standard Gibbs energy change of formation for

species j

h�f enthalpy of formation of a species at 298 K and
0.1 MPa

N total number of moles of species in the reaction
mixture

NE total number of elements in the system
Nj number of moles of species j
NR number of moles of reactant species
NS total number of species
P system pressure
P� reference pressure (=1 bar)
R gas constant
T reaction furnace temperature
D difference
wi dimensionless parameter defined in Eq. (8)
lj chemical potential of species j

ki Lagrangian parameter for element i
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3. Combustion of hydrocarbons and other combustible
contaminants. Because H2S and SO2 react in a 2:1 ratio,
it is desirable to oxidize only one-third of the incoming
H2S.

This is a simplified interpretation of the reactions actu-
ally taking place in the reaction furnace. The reaction equi-
librium is complicated by the existence of various species,
whose equilibrium concentrations in relation to each other
are not precisely known for the entire range of process con-
ditions. Furthermore, side reactions involving hydrocar-
bons and CO2 present in the acid gas feed can result in
the formation of carbonyl sulfide (COS), carbon disulfide
(CS2), and carbon monoxide (CO) in the front-end furnace
[1,5,6]. Therefore, the accurate prediction of furnace flame
temperature and species concentrations are difficult tasks.

In this paper, we present a general formulation for
determination of Claus reaction furnace temperature, equi-
librium compositions and optimum air rate by Gibbs free
energy minimization method [9]. Since some plants suffer
from relatively low furnace temperature (usually due to
low acid gas H2S content) and have problems with effi-
ciently destroying acid gas contaminants, the effectiveness
of several commercially viable methods used for increasing
the Claus furnace temperature are evaluated by the pro-
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Fig. 1. Typical reaction furna
posed approach and the predicted results are compared
with field experimental data.

2. Modeling

The Gibbs free energy of a system consisting of N spe-
cies can be written [9] :

G ¼
XNS

j¼1

N jlj; ð1Þ

where lj is the chemical potential of species j in the reaction
mixture. we wish to find out the set of mole numbers N 0js,
which produces a minimum in G, however all the mole
numbers are not independent because elemental balance
constraints must also be satisfied. We have written these
constraints as

XNS

j¼1

ai;jN j � bi ¼ 0: ð2Þ

Here, bi is the number of moles of element i in the system,
ai,j is number of atoms of element i in one molecule of spe-
cies j and NS is the total number of species. There will be
one of these equations for each element (i = 1, 2,. . .NE),
where NE is the total number of elements in the system.
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Introducing Lagrangian multipliers k0is, the objective
function F can be written by Using Eqs. (1) and (2):

F ¼ Gþ
XNE

i¼1

ki

XNS

j¼1

ai;jNj � bi

" #
ð3Þ

The conditions for a minimum are determined by obtaining
the partial derivatives of F with respect to Nj and setting
them equal to zero. These results in

lj þ
XNE

i¼1

kiai;j ¼ 0 ð4Þ

Since the operating pressure of Claus Reaction furnace is
1–2 bar, the gas mixture can be assumed to be perfect.
Thus, the chemical potential of a species is given by

lj ¼ DG�fj þ RT ln
P
P �
þ RT ln Nj � RT ln N ; ð5Þ

where DG�fj is the standard Gibbs energy change of forma-
tion for species j [2,10], P� is 1 bar and P is system pressure.
Combination with Eq. (4) gives

DG�fj

RT
þ ln

P
P �
þ ln Nj � ln N þ

XNE

i¼1

kiai;j

RT
¼ 0 ð6Þ

This gives a system of ‘‘NS’’ equations, one for each
species.

Finally, we have the condition that the total number of
moles in the system must equal the sum of the individual
mole numbers

XNS

j¼1

Nj � N ¼ 0 ð7Þ

Eqs. (2), (6) and (7) form a system of NS + NE + 1 equa-
tions. Since there are also NS + NE + 1 variables, the solu-
tion of the problem can be obtained.

In order to solve the problem, the Newton–Raphson
method is used for simultaneous solution of Eqs. (2), (6)
and (7). The system of equations can be written by choos-
ing non-linear correction variables. These are DlnNj, DlnN,
and wi = �(ki /RT). Thus we have:

D ln Nj � D ln N �
XNE

i¼1

ai;jwi ¼ �
lj

RT
ð8Þ

XNS

j¼1

ai;jNjD ln Nj ¼ bi �
XNS

j¼1

ai;jNj ð9Þ

XNS

j¼1

NjD ln Nj � ND ln N ¼ N �
XNS

j¼1

Nj ð10Þ

Eqs. (8)–(10) can be collected together into a matrix
format.

To start the solution, it is first necessary to specify the
species likely to be present in significant amount at equilib-
rium. Since in the gas sweetening plants, the produced acid
gas usually contain H2S, CO2, H2O and light hydrocarbon
contaminants, the reaction mixture is assumed here to con-
tain 10 species namely, H2S, CO2, CO, SO2, COS, CS2, S2,
H2, N2 and H2O according to our experience.

The solution algorithm is summarized as follows:

1. Make initial guess (e.g. 800 �C) for T.
2. Assume the air flow rate (By changing bi).
3. Calculate the lj from Eq. (5) (knowing P and T), solve

the matrix format of Eqs. (8)–(10) for the correction fac-
tors (using initial estimates of Nj) and use the correction
factors to get the improved values of Nj and N by using
the following equations:

ðln NjÞnew ¼ ðln N jÞold þ ðD ln NjÞ ð11Þ
ðln NÞnew ¼ ðln NÞold þ ðD ln NÞ ð12Þ

It should be noted that wi reset to zero for each iteration.
The iteration continues until a converged solution is
obtained.

4. If the NH2S/ NSO2
5 2, a new air rate is used and calcu-

lation are repeated from step 3.
5. If the NH2S/NSO2

ratio = 2, the assumed temperature
should be checked by the following energy balance equa-
tion [11]:X

R

N R½h�f þ Dh�R �
X

P

Nj½h�f þ Dh�j ¼ 0; ð13Þ

where

Dh ¼
Z T

298:15

CpðT ÞdT : ð14Þ

Required thermodynamic properties are taken from
[2,8,10]. If the assumed temperature does not satisfy
the above equation, a new T is assumed and the calcula-
tions are repeated from step 1.

6. If Eq. (13) is satisfied, the solution for the problem is
obtained.
3. Results and discussion

The primary role of the Claus reaction furnace is to par-
tially oxidize the H2S in the acid gas feed to SO2 and it will
also produce a significant portion of the total sulfur prod-
uct. A secondary role of the reaction furnace is to ensure
destruction of the many contaminants in the acid gas feed
stream. This will ensure that these compounds do not
breakthrough to the downstream process units, where they
can have a significant detrimental effect on the Claus cata-
lyst activity. Therefore, it is critical to understand the rela-
tionship between various furnace operating parameters and
the reaction furnace temperature.

There are different techniques to increase the furnace
temperature, namely, fuel gas spiking, indirect air and/or
acid gas preheating, oxygen enrichment, acid gas enrich-
ment and direct air preheating [1,5,7]. The usefulness of
each of these methods in increasing the furnace tempera-
tures is investigated by the proposed algorithm and the
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Fig. 3. Effect of preheating on reaction furnace temperature (-model
prediction, experimental data: d 30% H2S, j 40% H2S).
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results are checked by plant experimental data. These are
discussed in the following sections.

4. Fuel gas spiking

In this method [7], a plant fuel gas stream is added to the
acid gas feed stream in the hope of substantially increasing
the temperature of the furnace feed gas. Fig. 2 illustrates
the effect of adding fuel gas to the reaction furnace for
two different acid gas feeds (20 and 40 mol% H2S) based
on proposed model. These predicted results indicate that
fuel gas spiking can result in significant temperature
increase depending on the quality of the acid gas feed (from
30 to 50 �C per 1% equivalent fuel gas flow) as shown in
Fig. 2. However, we can also see that fuel gas spiking is
unlikely to raise the furnace temperature above the
1050 �C threshold [3–7] (recommended minimum tempera-
ture for flame stability and hydrocarbon dissociation) even
for a 40% H2S feed gas. Thus, there might be significant
plant performance penalty to be paid due to the very large
increase in CS2 formation due to the higher hydrocarbon
content of the combined feeds. The higher content of
hydrocarbons also modifies the air content necessary to
burn the H2S, beyond the increase in secondary reactions
with CS2 formation.

Therefore, it would not normally be recommended to
use a fuel gas spiking technique in order to increase the fur-
nace temperature in an effort to ensure no hydrocarbon
breakthrough from the furnace. Only in cases where the
existing furnace temperature is very close to the threshold
temperature would fuel gas spiking potentially result in
the desired outcome. The predicted furnace temperatures
are in good agreement with the plant data as shown in
Fig. 2.

5. Indirect air and acid gas preheat

Additional energy can be directly introduced into the
reaction furnace by increasing the temperature of the air
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Fig. 2. Effect of fuel gas spiking on reaction furnace temperature (-model
prediction, experimental data: j 20% H2S, d 40% H2S).
and/or acid gas feed streams [1,7]. This is commonly done
in some ammonia destruction furnace schemes and has
been used in some lean feed acid gas cases. The air and acid
gas streams are usually preheated in an indirect heat
exchanger system and the energy is provided by an external
utility source. One of the primary disadvantage of this type
of scheme is that the total amount of practical preheat
which can be made available is somewhat limited. The first
concern is that the acid gas and air delivery piping is nor-
mally carbon steel and is therefore limited to a maximum
operating temperature of 300–350 �C. Also, the source of
the input energy is often an existing steam utility system.
Therefore, the source steam pressure has a direct effect
on the maximum amount of preheat available. For
700 kPa steam, the maximum preheat temperature is
approximately 240 �C.

Fig. 3 illustrates the potential impact of this range of
preheat on the reaction furnace temperature for several
acid gas cases. The temperature range chosen for this graph
is consistent with the potential delivery temperature of
4100 kPa steam.

Using preheat has a direct and clear effect on the furnace
temperature as shown in Fig. 3. The simulated results com-
pared well with measured field data as shown in this Fig-
ure. However, for the range of preheat which is available,
the increase in furnace temperature still falls below the
desired threshold temperature of 1050 �C for all, but the
50% H2S case. Therefore, while the increase in achievable
temperature is significant, it may not ensure complete
hydrocarbon destruction for many of the acid gas feed
cases.

6. Direct fuel gas preheat burner

A relatively new process concept has been employed at
small number of plants to improve the furnace temperature
[6,7]. In this system, a fuel gas stream is utilized to add
energy directly to the furnace system. However, instead
of injecting the fuel gas directly into the furnace to be



840

860

880

900

920

940

0 0.3 0.6 0.9 1.2 1.5
Fuel Gas Flow (% of Acid Gas Flow)

R
ea

ct
io

n 
F

ur
na

ce
 T

em
pe

ra
tu

re
, °

C

Fig. 4. Effect of direct fired preheat on reaction furnace temperature
(-model prediction, experimental data: j 40% H2S).
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Fig. 5. Effect of oxygen enrichment on reaction furnace temperature
(-model prediction, experimental data: d 30% H2S, m 50% H2S).
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consumed in the furnace flame, the fuel gas is pre-burned in
a dedicated burner to directly heat the combustion air
stream. The fuel gas is pre-burned with an excess of air
to ensure complete oxidation of the fuel gas. The combus-
tion gas products (CO2 and H2O) are then pre-mixed with
the balance of the combustion air, prior to delivery to the
existing furnace burner.

The mixing of the combustion gas products (CO2 and
H2O) with the combustion air can increase the corrosion
of the steel equipment, and decrease the sulfur production
[13]. The water content in the acid gas load is very impor-
tant to the process. It should be noted that an excess of
water vapor inverts the direction of Claus reaction (Eq.
(b)), leading to a decrease in sulfur production. H2O may
also react with SO2 and SO3 to produce sulfuric acid which
is a corrosive medium to Claus downstream steel equip-
ments (e.g. catalytic converters) operating at lower temper-
atures [13–15].

The advantage of this system over direct fuel gas spiking
are that there is no significant contribution to CS2 forma-
tion in the furnace. The disadvantage of this system is that
there is a limited amount of preheat, which can be added as
a result of limitations on the preheated air temperature by
the metallurgy of the air delivery piping.

Fig. 4 illustrates the effect of this style of preheat on fur-
nace temperature for a 40% H2S case. The furnace temper-
ature should increase approximately 40 �C utilizing a full
300 �C preheat temperature. Based on these results it is
clear that this method would only be appropriate for a case
where the 40 �C furnace increase is adequate. The predicted
and measured reaction furnace temperatures suggests that
in a case with acid gas at 40% or less, this level of preheat
would not result in attaining the minimum target tempera-
ture of 1050 �C.

7. Oxygen enrichment

Many plants are using oxygen enriched air streams in
their SRUs for many reasons [3,5–7]. In most cases, oxygen
enrichment is used to increase the throughput capacity of
the plant. However, in some specific cases, oxygen enrich-
ment has been used to improve the furnace temperature.
In some cases this has allowed for the processing of extre-
mely lean acid gas and in others it has allowed for better
overall furnace and burner operation.

The oxygen enrichment should be used with care. The
precision control of the mixing of combustion gases is an
essential factor in avoiding oxygen breakthrough into the
downstream catalytic converters. The poor homogeneity
in the combusting gases led to unreacted oxygen being
available in the gas to further oxidize SO2 to SO3 either
before the gas stream reached the catalyst bed or on the
catalyst bed itself. This SO3 then reacts with the alumina
catalyst and deactivates it by forming aluminum sulfate.
The SO3 may also reacts with H2O to produce sulfuric acid,
which is a corrosive agent capable of damaging down-
stream steel equipments depending on variables such as
acid concentration and temperature [14]. The corrosion
rate of carbon steel is high for concentrations of H2SO4

lower than 50%.
The predicted furnace temperature is compared with

field data for the 30% and 50% H2S acid gas cases in
Fig. 5. These results indicate that oxygen enrichment will
have a significant direct effect on the furnace temperature
and for many acid gas feeds, will bring the furnace temper-
ature to above the 1050 �C threshold. These results indicate
that the furnace temperature will increase between 25 and
50 �C for each 10% increase in equivalent oxygen content.
The simulated results are in good agreement with the field
data as shown in Fig. 5.
8. Acid gas enrichment

With the advent of selective amine systems, it is possible
to improve the quality of an acid gas stream in an amine
treating unit [1]. Some of the existing plants utilize this
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technology to improve the acid gas for variety of reasons.
Acid gas enrichment has two important benefits:

1. Providing a high quality acid gas for processing in a
Claus SRU.

2. Decreasing the acid gas flow rate and the size of SRU.

The acid gas enrichment should be used with care, con-
sidering the Claus process characteristics. If a lack of air
occurs, less than 1/3 of H2S will react and the H2S will then
be in excess. There are different forms of carbon and stain-
less steel corrosion when in contact with a H2S environ-
ment namely; sulfide stress cracking, hydrogen stress
cracking, hydrogen blistering, localized corrosion (pitting)
[16–18], and cracking in the welded region [19]. The H2S
accelerates the hydrogen absorption in steel [20]. The
hydrogen sulfide reacts with iron in the presence of water
and the produced hydrogen migrates to the high stress con-
centration regions in the metal. The presence of hydrogen
in steel facilitates the motion of the linear effects in the crys-
talline structure of metal. Vagapov et al. [20] concluded
that the steel hydrogenation in a vapor phase occurs with
the same intensity as in the aqueous phase.

The effect of increasing the H2S content of the acid gas
on the furnace temperature is predicted by the proposed
model and illustrated in Fig. 6. It is clear that increasing
the H2S content of the acid gas will significantly increase
the furnace temperature. It is interesting to take a problem
acid gas stream containing levels of H2S that are too low
(H2S < 20%) for use in a Claus SRU (and probably too
high for flaring) and produce a very high quality Claus
SRU acid gas feed. According to Fig. 6, the H2S content is
increased to in excess of 60 mol% to ensure a furnace tem-
perature above the desired minimum value of 1050 �C. The
experimental data are gathered from a MDEA based acid
gas enrichment unit followed by a Claus reaction furnace.
The predicted results are in close agreement with the mea-
sured values as shown in Fig. 6.
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Fig. 6. Effect of acid gas enrichment on reaction furnace temperature
(-model prediction, experimental data: j 40% H2S).
9. Conclusions

Many Claus sulfur recovery units suffer from poor flame
stability and hydrocarbon destruction in the reaction fur-
nace due to a low reaction furnace flame temperature. This
is normally a symptom of poor acid gas feed quality. In
order to mitigate this problem, several commercially viable
techniques available for increasing the furnace temperature
such as fuel gas spiking, air and acid gas preheating, direct
fuel gas air preheating, oxygen enrichment and acid gas
enrichment are evaluated by chemical equilibrium calcula-
tions. The Gibbs free minimization method is used for
simultaneous prediction of reaction furnace temperature
and optimum air flow rate of Claus sulfur recovery units
at different operating conditions and the predicted results
are compared with experimental data. While each of these
methods will result in a measurable improvement in the
furnace temperature, any one method by itself may not
be adequate to meet the desired minimum furnace temper-
ature. In the case of lean feed acid gases, it may be neces-
sary to use a combination of techniques in order to
attain the minimum furnace temperature required for flame
stability and complete destruction of problem hydrocarbon
contaminants. The acid gas enrichment is an interesting
alternative for handling very lean acid gases, especially
when the rate of acid gas is too high. Considering the
assumptions made for model development, the predicted
results are in good agreement with the field data.
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