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AbstractThe modified Claus process is one of the most commonly used methods for hydrogen sulfide conversion
into sulfur. However, one of the problems of this unit is the presence of benzene, toluene, and xylene (BTX) com-
pounds at the inlet of the catalytic reactors that can deactivate the catalyst and decrease the efficiency of the sulfur
recovery unit. One of the methods of BTX destruction in a furnace is to increase its temperature by increasing the oxy-
gen concentration in the inlet air. In the present work, the application of polymeric membranes for the destruction of
BTX was investigated by modeling and simulating a sulfur recovery unit and a membrane unit. The numerical results
obtained from the simulations were validated successfully with industrial and experimental data for both sulfur recov-
ery and membrane units. The simulation results for an industrial case study indicate that using five PI carbon mem-
brane units with a total area of 26.82 m2 can increase the concentration of oxygen in the inlet air to a level of 60%. In
this condition, the reduction in BTX compounds can also be increased up to 59%. Furthermore, for two-stage mem-
brane configuration, by employing five two-stage membrane units with a total area of 58.3 m2, the oxygen concentra-
tion increases to 82%, and the reduction in BTX compounds will be 75%.
Keywords: Polymeric Membrane, Oxygen Enrichment, Modified Claus Process, BTX, Process Modeling

INTRODUCTION

Acid gas containing H2S and CO2 may naturally exist in natural
gas at different concentrations. Furthermore, acid gas may form as
a byproduct during desulfurization processes in oil and gas indus-
tries and also may be found in biogas from landfill waste [1,2]. H2S
is a very toxic and dangerous gas. It can be converted into SO2 by
combustion and cause acidic rain and significant damage to the
environment [3]. Therefore, sulfur removal is one of the protocols
of the Environmental Protection Agency (EPA) [4]. Governmen-
tal agencies worldwide have forced all their oil and gas industries
to reduce sulfur emissions to the environment and protect it [5].

The sweetening process is commonly used in refineries to remove
hydrogen sulfide from natural gas [6]. The sulfur recovery unit (SRU)
that works on the modified Claus process is one of the most com-
monly used methods for converting H2S to sulfur [7,8]. According
to current environmental regulations, sulfur recovery efficiencies
(SRE) must be higher than 99%. However, the efficiency of most
SRUs that operate based on the modified Claus method is less than
this value [9]. Therefore, improving the SRE of an SRU to the stan-
dard level is a very important issue, due to economic and environ-
mental benefits [10].

In 1993, Khudenko et al. [11] suggested solutions for improving
the SRE, such as using two furnaces in series or parallel, oxygen
enrichment, and using an oxygen-air-water oxidizer. ZareNezhad
[12] studied the effects of the pore size, the area, the particle size,

and the shape of the catalyst on the performance of SRU. Several
works [4,13-15] were focused on the maximization of sulfur pro-
duction by finding the optimal values of the operating parameters
of SRU, such as furnace pressure, furnace feed temperature, waste
heat boiler (WHB) outlet temperature, and air and fuel flow to the
furnace.

Ibrahim et al. [16] simulated the furnace kinetically and found
that decreasing the furnace temperature from 1,105 oC to 1,050 oC
reduces CO2 emission by 60% and increases SRE by 0.2%. Ghah-
raloud et al. [17] showed that substituting adiabatic reactors with
isothermal reactors in the catalytic section of SRU improves the effi-
ciency of this unit. Rahman et al. [18] simultaneously minimized the
energy consumption and emitted pollution from an SRU by consid-
ering the details of reaction mechanisms in the furnace.

Al Hamadi et al. [19] studied the effect of oxygen enrichment on
the concentration of toluene, benzene, ethylbenzene, and xylene
(BTEX) and toxic gas emissions, but did not mention the mecha-
nism of oxygen enrichment. Also, some researchers focused on the
effects of acid gas enrichment (AGE) and feed preheating on the
furnace temperature and the destruction of BTEX and ammonia
[5,8,9,20-22]. They concluded that AGE and feed preheating lead
to a decrease in aromatic and ammonia content. Ibrahim [23] showed
that temperature reduction of the first catalytic reactor would increase
SRE, but this might decrease the hydrolysis of COS and CS2. Abu-
mounshar et al. [24] improved the performance of SRU for low H2S
content acid gases by using two combustion chambers and return-
ing sulfur to the furnace.

There are various reasons for the Claus catalyst deactivation, which
lead to a decrease in the SRU efficiency and high costs for catalyst
regeneration or replacement. One of the most important reasons
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for SRU catalyst deactivation is the entering of BTEX into catalytic
reactors. The destruction of BTEX before entering catalytic reac-
tors by increasing the furnace temperature is the main solution to
this problem. Enriching the air with oxygen is one of the ways to
increase the furnace temperature and destroy BTEX before enter-
ing the catalytic section. The common processes for the oxygen-
enrichment of air are pressure swing adsorption and cryogenic
distillation, that are characterized by high energy consumption and
high operating and investment costs [25,26]. The membrane sepa-
ration process is one of the novel methods to enrich the air with
oxygen. The advantages of this method over other methods are less
energy consumption, lower capital and operational investment, and
the possibility of utilization on a small and large scale, as well as
simplicity of design [27].

Due to the attractive features of the polymeric membranes and
for the first time, this study aimed to model and simulate an indus-
trial membrane unit to enrich the air with oxygen at the entrance
of the SRU furnace. For this purpose, first, the modeling and sim-
ulation of an industrial membrane unit and the simulation of SRU
were carried out. After validating the results of both units with exper-
imental and industrial data, the effects of oxygen enrichment on
the furnace temperature, removal rate of BTX compounds, and im-
provement of SRU performance were investigated. Since different
polymeric membranes with different properties (such as selectivity
and permeance) can be used to separate oxygen from nitrogen, the
performance of different polymeric membranes to enrich O2 con-
centration in the air up to 60% was evaluated based on the required
total surface area of each membrane and the number of membrane
modules required in parallel. In this comparison, the temperature
was fixed at 296.15K, and the feed and permeate sides pressures were
fixed at 100 bar and 1 bar, respectively. After choosing the best type
of membrane, the suitable conditions for enriching the air with oxy-
gen using single-stage membrane and two-stage membranes in series
are discussed.

PROCESS MODELING AND SIMULATION 
APPROACH

As mentioned, this study is dedicated to the simultaneous mod-
eling and simulation of membrane separation and sulfur recovery
units to investigate the effect of oxygen enrichment at the inlet of
the furnace on SRU performance. For this purpose, the membrane
separation of oxygen from nitrogen is modeled. Then, the procedure
of SRU simulation by ASPEN HYSYS V12 software is explained in
detail.
1. Modeling of Oxygen Separation from Nitrogen by Polymeric
Membranes

For the modeling and simulation of oxygen separation from nitro-
gen through polymeric membranes, a mathematical model based
on total and partial mass balance equations along with pressure
drop equation can be used on both feed and permeate sides [28].
A schematic of the countercurrent flow in a membrane for the sepa-
ration of oxygen from nitrogen is shown in Fig. 1. As can be seen,
the feed enters the shell side of the module with a specific flow rate
and concentration. Furthermore, the membranes used here have
higher permeability for oxygen, and the retentate stream is enriched
with nitrogen.

In this modeling, the following assumptions are considered:
• The changes in the system properties, such as viscosity and per-

meance, are neglected.
• There is no mixing in the porous support layer.
• The high permeate flow rate prevents back diffusion.
• The feed side pressure drop is negligible.
Considering a differential permeator length dz along the mem-

brane, mass balances of oxygen and nitrogen can be described as
Eqs. (1) and (2), respectively [28,29]:

(1) 
d QFSxFS 

dz
-----------------------   JO2

DoN  PFxFS   PPx' 

Fig. 1. Schematic diagram of shell-side feed countercurrent flow configuration.



Prevention of catalyst deactivation in SRU using membrane 2931

Korean J. Chem. Eng.(Vol. 40, No. 12)

(2)

where QFS is the flow rate at the feed side, xFS is the mole fraction
of oxygen at the feed side, J is the gas permeance, Do is the outer
diameter, N is the number of fibers, PF is the feed side pressure, PP

is the permeate side pressure, and x' is the local permeate mole
fraction of oxygen.

The total mass balance over the differential permeator length dz
can be expressed as Eq. (3) [28]:

(3)

where FP is the flow rate at permeate side.
The differential equation for the feed side flow rate can be ob-

tained by combining Eqs. (1) and (2), as below [28,29]:

(4)

Additionally, the local permeate mole fraction is defined as Eq. (5),
and the expansion of this equation can be written as Eq. (6) [28]:

(5)

(6)

Substituting Eqs. (1) and (4) into Eq. (6) yields the following equa-
tion:

(7)

The membrane selectivity and pressure ratio are defined in Eqs.
(8) and (9), respectively; and by substituting these equations into
Eq. (7), the local permeate mole fraction can be simplified as Eq.
(10).

(8)

(9)

(10)

This equation is implicit with respect to x'. It can be rewritten as a
second-order equation:

(11)

The physically acceptable solution of the above second-order equa-
tion is shown in Eq. (12):

(12)

Eq. (12) can be used to obtain the oxygen mole fraction between
the feed and permeate sides (local permeate).

Furthermore, the combination of Eqs. (1) and (4) results in the
differential equation of the oxygen mole fraction at the feed side

(xFS):

(13)

As mentioned in the assumptions, the feed side pressure drop is
negligible and the permeate side pressure drop can be estimated
from the Hagen-Poiseuille equation [28,29]:

(14)

where , R, T, and Di are the gas viscosity, the universal gas con-
stant, the temperature, and the inner diameter, respectively.

Eqs. (3), (4), (12), (13), and (14) can be solved simultaneously
to obtain the values of molar flow rates at the feed and permeate
sides, oxygen mole fraction at the feed side, permeate side pressure,
and oxygen mole fraction between the feed side and permeate side
along the membrane. Furthermore, in the countercurrent flow
mode, the stage cut is defined as the ratio of the permeate flow rate
to the feed flow rate at the feed inlet and permeate exit (z=0), as:

(15)

For the countercurrent flow configuration, the feed flow rate, com-
position and pressure are known at the feed inlet (z=0). However,
the flow rate at the permeate side (FP) should be selected via trial-
and-error procedure to attain zero permeate flow rate at the per-
meate inlet (z=L). Therefore, after guessing an initial value for FP,
the local permeate mole fraction (x') should be calculated from
Eq. (12). Then, Eqs. (3), (4), (13), and (14) should be solved simul-
taneously to obtain the values of FP, QFS, xFS and PP along the mem-
brane length. If the permeate flow rate at the permeate inlet is not
equal to zero, the steps should be repeated. The entire computa-
tional algorithm is shown in Fig. 2.
2. Methodology of Modeling and Simulation of SRU
2-1. Process Description

The main equipment of an SRU that works based on the modi-
fied Claus method includes a furnace, a WHB, heaters, catalytic
beds, condensers, and an incinerator, as illustrated in Fig. 3 [30]. In
the furnace of the Claus process, acid gas reacts with air and more
than 1500 main and side reactions occur. The amount of air must
be such that H2S/SO2 ratio is about two at the furnace outlet [20].

The furnace outlet stream enters WHB at a high temperature,
wherein water evaporates and decreases the temperature of the fur-
nace outlet stream. Note that the temperature drop in WHB changes
the equilibrium conditions, and reactions proceed in WHB. After
cooling the WHB outlet stream by the condenser, and separating
liquefied sulfur, the gas stream enters a heater. The main reason for
preheating this stream before entering catalytic reactors is to pre-
vent capillary condensation of sulfur. Typically, the catalytic section
consists of three reactors containing alumina catalysts.

Three main reactions occur in catalytic reactors: Claus reaction
(Eq. (16)), hydrolysis of COS (Eq. (17)), and hydrolysis of CS2 (Eq.
(18)).

 
d QFS 1 xFS  

dz
----------------------------------    JN2

DoN  PF 1  xFS    PP 1  x'  

dQFS

dz
-----------   

dFP

dz
--------

dQFS

dz
-----------     DoN  JO2

PFxFS   PPx'     JN2
PF 1 xFS    PP 1 x'   

x'  
d QFSxFS 

dQFS
-----------------------

x'  
d QFSxFS 

dz
-----------------------

dz
dQFS
-----------

x'  
JO2

DoN  PFxFS  PPx' 

DoN  JO2
PFxFS  PPx'    JN2

PF 1  xFS    PP 1 x'   
-------------------------------------------------------------------------------------------------------------------------------

  
JO2

JN2

------

  
PP

PF
-----

x'  
 xFS  x' 

 xFS   x'    1 xFS      1 x' 
--------------------------------------------------------------------------

 1  x'2    1  1     xFS  x'   xFS   0

x'  
  1    1      xFS      1    1      xFS  

2
   4 1    xFS 

2 1   
-----------------------------------------------------------------------------------------------------------------------------------------------------

dxFS

dz
----------   

xFS DoN  JO2
PFxFS   PPx'     JN2

PF 1 xFS   PP 1 x'    

QFS
------------------------------------------------------------------------------------------------------------------------------------------

 
JO2

DoN  PFxFS   PPx' 

QFS
---------------------------------------------------------

dPP

dz
---------    

128RTFP

Di
4NPP

-------------------------

  
FP

QFS
--------

z0
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H2S+SO2F3S+2H2O (16)

COS+H2OFCO2+H2S (17)

CS2+2H2OFCO2+2H2S (18)

After each catalytic reactor, there is a condenser that condenses the
produced sulfur from the reactor outlet stream. Eventually, the out-
let stream from the catalytic stage enters an incinerator and unre-
acted H2S is burned and converted into SO2.
2-2. Process Modeling

In the present work, ASPEN HYSYS V12 is used to simulate an
SRU based on the modified Claus method. The assumptions con-
sidered in this simulation are as follows:

• Steady-state conditions
• Equilibrium conditions in the furnace
• Adiabatic state in the furnace and catalytic sections
In ASPEN HYSYS software, the Claus process furnace is simu-

lated based on the Gibbs free energy minimization method, which
is an equilibrium approach. The advantage of this method is that
there is no need to specify the reactions and their stoichiometry,
and the results are in good agreement with actual data. The inlet
air flow rate should be adjusted so that the ratio of H2S to SO2

becomes 2 at the furnace outlet stream. Furthermore, the WHB is
modeled as a single-pass heat exchanger.

The ASPEN HYSYS software also considers the catalytic reactors
in equilibrium conditions, and free energy minimization calculations
are performed by the software, based on the inlet conditions and
the outlet pressure. However, there is a parameter called approach
to equilibrium (ATE) in the catalytic reactor section of the software
that determines the progress of reaction to the equilibrium condi-
tions, and is a criterion for the deactivation of catalysts. Since the
rate of reaction progress directly affects the outlet temperature of
reactors, the ATE parameter can be determined by trial and error
if the outlet temperature of reactors is known.

Fig. 2. Computational algorithm for simulation of countercurrent membrane used for oxygen enrichment.
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RESULTS AND DISCUSSION

As mentioned, this study focused on using membranes to im-
prove SRU performance. In this section, first, the model presented
in the previous section is validated. Then the performance of an
industrial SRU is improved by oxygen enrichment using an indus-
trial membrane module. Since no experimental data is available
for the combination of these two units, each unit (SRU and mem-
brane separation) is validated separately.
1. Membrane Unit Model Validation

The experimental data of Feng et al. [29] are used in this section
to validate the presented model for oxygen separation from the air
by hollow fiber asymmetric membrane based on cellulose acetate.
The shell-side feed countercurrent flow configuration was used in

Fig. 3. Process flow diagram of SRU based on modified Claus method [30].

Table 1. Operating conditions and membrane configuration for
model validation [28,29]

Parameters Unit Value
Total fibers - 368
Inner diameter m 80×106

Outer diameter m 160×106

length m 0.25
Feed temperature oC 23
Feed pressure kPa 790.80
Permeate pressure kPa 101.3
O2 Permeance mol/m2·Pa·s 30.78×1010

N2 Permeance mol/m2·Pa·s 5.7×1010

Feed composition
O2 mole percent 20.5
N2 mole percent 79.5

Fig. 4. Comparison between the proposed model predictions and
experimental data of Feng et al. [29] for separation of O2
from N2.

their experimental data. The necessary data for validation of the
suggested model is presented in Table 1.

In Fig. 4, the simulation results of the proposed model are com-
pared with experimental data of Feng et al. [29]. For a better com-
parison, two statistical parameters, including the root mean square
error (RMSE) and the coefficient of determination (R2), are also
included in Fig. 4. As seen in Fig. 4, the simulation results are in
good agreement with experimental data.
2. SRU Simulation Validation

The complete simulation of SRU was done in ASPEN HYSYS
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software. A schematic of this simulation is shown in Fig. 5.
Since this study aims to use membranes to improve SRU perfor-

mance, it is essential to compare SRU simulation results with actual
industrial data. The SRU data of South Pars Refinery [31] are used
for this purpose. The required data for the thermal and catalytic
sections are presented in Tables 2 and 3, respectively.

Fig. 6 compares the simulation results and the industrial data of

the furnace and the first to the third catalytic reactors of South Pars
SRU. Since the order of magnitude of species flow rates is in an
extensive range, these diagrams are drawn in logarithmic scale to
cover all data. Also, similar to Fig. 4, the root mean square error and
the coefficient of determination are included in Fig. 6. As can be
seen, the results of this simulation agree well with the industrial data
of South Pars SRU.

Fig. 5. General SRU schematic simulated in ASPEN HYSYS software.

Table 2. Inlet conditions and feed composition of South Pars SRU furnace [31]
Unit Acid gas Air Fuel gas

Temperature K 491.15 493.15 313.15
Pressure kPa 177 168 600
Feed components  

CO2 mole percent 53.16 0 1.03
O2 mole percent 0 19.5 0
N2 mole percent 0 73 3.68
H2S mole percent 36.04 0 0
H2O mole percent 9.9 7.5 0
CH4 mole percent 0.9 0 89.46
C2H6 mole percent 0 0 5.66
C3H8 mole percent 0 0 0.17

Total molar flow mol/s 171.11 181.5 3.24
Furnace
Residence time in furnace s 2

Table 3. Operating conditions of South Pars SRU catalytic section [31]
Unit First reactor Second reactor Third reactor

Inlet temperature K 508.53 478.45 468.28
Outlet temperature K 580.75 495.15 471.25
Inlet pressure kPa 138.00 126.00 114.00
Outlet pressure kPa 134.00 122.00 110.00
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3. Simulation Results
Generally, the presence of BTX in the inlet feed is one of the prob-

lems of SRU. These compounds can deactivate SRU catalyst signifi-
cantly. The catalyst deactivation not only decreases its lifetime but
also can reduce SRE. Therefore, the reduction of BTX at the inlet
stream of catalytic reactors is vital from an economic point of view
and also increases sulfur production and reduces the emission of
pollutants such as SO2 to the environment.
3-1. Case Study Description

This investigation aims to enrich the air with oxygen using poly-
meric membranes to improve SRU performance through BTX de-
struction in the SRU furnace. This becomes even more important
at furnaces with relatively low temperatures. For example, in the
Khangiran natural gas refinery, the inlet acid gas to the unit is lean
and the H2S/CO2 ratio is low. So, the maximum temperature of
the furnace reaches 840 oC, which cannot destroy BTX. Therefore,
suggesting solutions to increase the furnace temperature and, as a
result, BTX destruction, is essential. One of the commonly used
methods for increasing the furnace temperature is using co-firing.
Although this method has many advantages, it also has some opera-
tional problems, such as increasing the required air flow rate, in-
creasing fuel cost, higher CS2 production in the furnace, unit capac-
ity reduction, and the possibility of hydrocarbon escaping to other
units. Another method of increasing the furnace temperature is
the oxygen enrichment of inlet air through membranes, which is
the focus of this investigation.

Therefore, although South Pars SRU data were used in the pre-
vious section to validate the simulation results, Khangiran natural
gas refinery data are used here to investigate the effect of using mem-
branes on the performance improvement of SRU. The reason for
choosing this case study is the low temperature of its furnace, which
causes no destruction of aromatic compounds in the furnace. The
entry of these compounds into the catalyst beds is one of the most
important causes of catalyst deactivation and reducing the effi-
ciency of sulfur production in this refinery. Inlet acid gas condi-
tions and composition of Khangiran natural gas refinery SRU are
presented in Appendix A [32]. The inlet air flow rate is adjusted so
that the ratio of H2S to SO2 will equal 2 at the furnace outlet stream.
3-2. The Effect of Oxygen Enrichment on the Performance of SRU

The effect of enriching the air with oxygen on furnace tempera-
ture, BTX reduction in the furnace outlet stream, and the required
air are shown in Fig. 7. The model suggested by Flowers et al. [33]
was used for the estimation of BTX reduction. They used experi-
mental data to find a correlation between temperature and BTX
reduction. They reported that BTX destruction starts at 900 oC
and increases with increasing temperature. As can be seen in Fig.
7, by increasing the concentration of oxygen to 37%, the furnace
temperature increases to 900 oC and BTX destruction begins. The
reason is that the presence of nitrogen in inlet air disturbs the com-
bustion reaction, and prevents the effective collision of the atoms
in the main reactions in the furnace. By increasing oxygen concentra-
tion in the air, the combustion process takes place more effectively,

Fig. 6. Comparison between the simulation results and industrial data of South Pars SRU [31].
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which leads to increase in temperature of the furnace. Since BTX
is destroyed at high temperatures, increasing the furnace tempera-
ture decreases BTX concentration in the furnace outlet stream.

Furthermore, Fig. 7 shows that increasing the oxygen concen-
tration will decrease the required air to maintain the ratio of H2S
to SO2 of 2 to 1 in the furnace outlet stream. The reason is that as
the concentration of oxygen increases in the air, the share of oxy-
gen in the furnace inlet air increases, which leads to better com-
bustion of H2S. The decrease in required inlet air not only increases
the unit capacity, but also decreases the required steam at the inlet
blowers of the unit, which is economically significant.

According to Fig. 7, it can be concluded that by increasing the
oxygen concentration to about 60%, the amount of BTX decreases
sharply. Afterward, the slope of the changes decreases. At this extent
of oxygen enrichment, the reduction in BTX compounds increases
to 59%. Furthermore, the furnace temperature and the required
airflow rate reach about 954.4 oC and 200.6 mol/s, respectively.
3-3. The Effect of Membrane Type on the Oxygen Enrichment
Process

Polymeric membranes can be utilized for the oxygen enrichment
of air. Some examples of such membranes with their characteristics

are listed in Appendix B. These membranes have different perme-
ance and selectivity, which leads to their different performances in
separating oxygen from nitrogen.

As illustrated in the previous section, the concentration of BTX
compounds at the furnace outlet considerably decreases by enrich-
ing the air up to 60% of oxygen. For this reason, the effective mem-
brane area for 60% enrichment of inlet air is considered for com-
paring the membranes presented in Appendix B. The industrial
dimensions of membrane units used for oxygen enrichment from
20.5% to higher values are also presented in Table 4. Note that to
reduce the number of required membrane units and the area of the
membranes, the feed pressure of the membrane was set to 100 bar.
Furthermore, the length of different membranes was determined
based on the 60% oxygen mole percent in the outlet permeate stream.

The critical point is that the permeate flow rates are not the same
for the different membranes. If the permeate flow rate is equal to
the required airflow in Fig. 7, enrichment of the inlet air would be
possible in just one stage. On the other hand, if the permeate flow
rate is less than the required air, it is necessary to use some paral-
lel membrane units to supply the required inlet air. The number of
these units can be determined by dividing the required air to per-
meate flow rate according to Eq. (19):

(19)N  
Qair

FP
---------

Fig. 7. Effects of oxygen enrichment on furnace temperature, BTX
reduction, and required air flow rate.

Table 4. Membrane configuration (geometry) and operating condi-
tions for O2 enrichment

Parameters Unit Value
Inner diameter m 0.02
Outer diameter m 0.064
Membrane length range m 0.016-1
Number of fibers - 1,800
Feed temperature K 296.15
Feed pressure bar 100
Permeate pressure bar 1
Feed velocity m/s 25

Fig. 8. Comparison of different membrane areas and required numbers for 60% oxygen enrichment.
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The calculated number of stages and total area of different mem-
branes to enrich the inlet air with 60% oxygen for Khangiran refin-
ery SRU are compared in Fig. 8. As seen, the PI carbon membrane
has a much better performance compared to other membranes in
terms of the required area. Using this membrane, five parallel mem-
brane units with a total area of 26.82 m2 can enrich the inlet air
with 60% oxygen. Therefore, the performance of this membrane
in O2/N2 separation will be investigated in the next section, focus-
ing on the distributions of the important parameters along the
membrane.
3-4. Investigating the Distributions of Various Parameters along
the PI Membrane Length

As illustrated in the previous section, the PI carbon membrane
showed a better performance in the separation of oxygen from nitro-
gen. The oxygen mole fraction distribution on both sides of the PI

Fig. 9. Distributions of the O2 mole fraction in the bulk permeate, the local permeate, and the bulk retentate along the membrane length.

Fig. 10. Distributions of feed side and permeate side flow rates along the membrane length.

carbon membrane is shown in Fig. 9. As the feed moves along the
membrane, the oxygen mole fraction decreases in the retentate
stream. The reason is a higher rate of oxygen diffusion compared
to nitrogen due to its higher permeance. Furthermore, Fig. 9 indi-
cates that the oxygen mole fraction decreases in both bulk and local
permeate along the membrane length. The reason is that at Z=0,
the inlet stream enters at the feed side with the maximum oxygen
concentration. Since the streams are countercurrent, the stream exits
at permeate side at Z=0. At this point, the feed stream has the
maximum oxygen concentration, so both permeate and local per-
meate also have the maximum oxygen mole fraction. When the
stream moves along the membrane on the feed side, the oxygen
mole fraction decreases due to oxygen diffusion through the mem-
brane and, as a result, the oxygen mole fraction decreases in both
bulk and local permeate. Note that the oxygen local permeate mole
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fraction is always higher than the oxygen mole fraction in the bulk
permeate. This is because there is no stream in the local perme-
ate, and the concentration in this section is related to the oxygen
mole fraction in cavities that exist in the local permeate. However,
there is fluid movement in the permeate side, and the concentra-
tion at each point of permeate side is affected by the concentra-
tion of previous points with lower oxygen mole fractions. Since at
Z=0.016, the stream enters the permeate side of the membrane,
and no stream exists before that, the oxygen concentration in both
bulk permeate and local permeate is identical.

Fig. 10 illustrates the molar flow rates at the permeate and feed
sides. As can be seen, as the feed stream on the feed side flows along
the membrane length, its flow rate decreases due to oxygen diffu-
sion to the permeate side. Since the streams flow in opposite direc-
tions and the permeate starts to flow at Z=0.016, its flow rate de-
creases along the membrane length to reach zero flow at the inlet
of the permeate side. Therefore, the permeate flow rate and the oxy-
gen concentration at the permeate side have their maximum val-
ues at Z=0, and can enter the Claus process furnace.
3-5. Two-Stage Membrane Separation Process

As seen in the previous section, using a one-stage PI carbon mem-
brane, the oxygen concentration in the permeate stream reaches
about 60%. To increase the oxygen concentration at the inlet of the
Claus furnace, the first membrane permeate can be fed to another
membrane module after increasing its pressure. The pressure in-
crease between the two stages is economically significant and has
considerable effects on the performance of a two-stage membrane
unit. Fig. 11(a) presents the outlet oxygen mole fraction and the
total area of the two-stage membrane unit versus the pressure be-
tween the two membranes. As can be seen, the oxygen mole frac-
tion at the outlet stream of the second membrane decreases with
increasing the inlet pressure. The reason for this is that with increas-
ing pressure the nitrogen diffusion also increases, which leads to a
decrease in the concentration of oxygen in the permeate side.

In addition, according to Fig. 11(a), increasing the inlet pressure
of the second membrane decreases the total membrane area of the
two stages, and it becomes constant at pressures higher than 40bar.
Based on Fig. 11(b), the reason for this observation is that increas-
ing the pressure increases the flow rate at the permeate side (FP0).
On the other hand, since oxygen concentration decreases with in-

Fig. 11. Effects of the second stage inlet pressure on the: (a) Oxygen enrichment percent and total area, (b) Number of units and permeate
outlet flow rate.

creasing the pressure, the required air increases, according to Fig.
7. Based on Eq. (19), the number of required units (N) increases
with increasing the required air flow rate, while increasing the per-
meate side flow rate has the opposite effect on the number of required
units. As can be seen in Fig. 11(b), for pressures less than 40 bar,
the effect of permeate side flow rate on the number of required units
is greater, while for higher pressures, the increase in both required
air and permeate side flow rates cancel each other’s effect and N
remains constant at pressures higher than 40bar. So, the total mem-
brane area also becomes constant at pressures higher than 40 bar.

Considering all the mentioned points, it can be concluded that
the pressure increase to more than 40 bar does not have a positive
effect on the second membrane performance, and 40 bar can be
chosen as the optimum inlet pressure of the second membrane. So,
for Khangiran natural gas refinery SRU, if five two-stage membrane
modules with 58.3m2 total area are used and the pressure increases
to 40bars between the two stages, the oxygen enrichment will reach
82%. In this case, the temperature of the Claus process furnace will
be about 974 oC, and BTX destruction reaches 75%.

As mentioned in the introduction, there are other methods for
oxygen enrichment from air, such as cryogenic distillation and pres-
sure swing adsorption. Cryogenic distillation is most commonly
used for the separation of oxygen from air which can produce oxy-
gen with purity of up to 99%. However, this method also has dis-
advantages, such as complexity of the procedure/process and high
energy usage.

Using the PSA method, it is possible to produce oxygen with
purity up to 95%. However, this method also has disadvantages,
such as high operational and capital costs, high energy consump-
tion, process complexity, and lack of flexibility. On the other hand,
membrane separation has been proven to be a suitable process for
oxygen enrichment because of its simple design, flexibility, ease of
scaling up, ability to combine with other technologies, ease of installa-
tion, smaller footprint, less fuel, and electricity consumption and
the presence of a wide variety of membranes with different permea-
bility and selectivity [25,35].

Adhikari et al. [25] compared the cost of production of oxygen-
enriched air using PSA, cryogenic distillation, and membrane pro-
cesses. They reported that oxygen enrichment by the membrane
has a lower production cost than PSA and is competitive with cryo-
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genic distillation. Furthermore, in another research, Valappil et al.
[35] reported that producing oxygen-enriched air by polymeric
membranes is an attractive and energy-efficient alternative for PSA
and cryogenic distillation.

According to the above mentioned, the membrane separation
system is a suitable and attractive method for air separation. For
this reason, it was used in the present study to improve the perfor-
mance of SRU. Finally, although installing a membrane system in
the sulfur recovery unit requires investment costs, it can significantly
reduce the cost of replacing the catalyst. Furthermore, preventing
the deactivation of the catalyst can increase the efficiency of the
unit and increase the sulfur production rate, which, in addition to
being economical, is very important from an environmental point
of view.

CONCLUSION

Considering the importance of eliminating BTX compounds in
the furnace of the Claus process in SRU, the present study focused
on designing, modeling and simulating an industrial membrane
unit for enriching air with oxygen, increasing the furnace tempera-
ture, and destruction of BTX compounds. The destruction of BTX
compounds in the furnace is important considering that the entry
of these compounds into the catalyst beds can lead to the deacti-
vation of the catalyst and ultimately reduce the efficiency of sulfur
recovery. After validating the results obtained from the simulations
of both membrane and sulfur recovery units, the effects of oxygen
enrichment by membrane technology on the performance of SRU
of Khangiran natural gas refinery were investigated, and the fol-
lowing results were obtained:

1. By using five parallel PI carbon membranes with a total area
of 26.82 m2, the oxygen concentration in the inlet air of the fur-
nace increased to about 60%.

2. Increasing the oxygen concentration to 60% was found to
increase the furnace temperature from 840 oC to 954.4 oC. In this
condition, the reduction in BTX compounds increased to 59%, and
the required air flow rate decreased from 607 mol/s to 200.6 mol/s.

3. In the case of using two-stage membrane-separation units, the
optimum intermediate pressure between the two stages was deter-
mined as about 40 bar.

4. In the optimal conditions, using five two-stage membrane units
with a total area of 58.3 m2, the oxygen concentration, and the SRU
furnace temperature increased up to 82% and 974 oC, respectively.
Furthermore, the reduction in BTX compounds was about 75%,
and the required air also decreased to 149 mol/s.

5. Reducing the concentration of BTX compounds at the outlet
of the furnace can increase the lifetime of catalysts and lead to an
increase in the efficiency of sulfur production. This issue is very
important not only from an economic aspect but also environ-
mentally.
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APPENDIX A. CASE STUDY INFORMATION

The inlet air consists of 20.89% O2, 78.81 N2, and about 0.3%
H2O. Furthermore, the inlet conditions and feed composition are
illustrated in Table A1.

APPENDIX B. MEMBRANES PROPERTIES
FOR O2/N2 SEPARATION

The characteristics of different membranes used to enrich the
inlet air with oxygen are shown in Table A2.

Table A1. Inlet conditions and feed composition of Khangiran nat-
ural gas refinery SRU [32]

Parameters Unit Acid gas
Temperature K 325.15
Pressure kPa 150.96
Feed components

CO2 mole percent 56.30
H2S mole percent 33.60
H2O mole percent 9.04
CH4 mole percent 1.05
Benzene ppm 59.26
Toluene ppm 19.75
Xylene ppm 8.20

Total molar flow mol/s 745.3

Table A2. Various membranes and their properties for O2/N2 sepa-
ration [25,28,34]

Membrane O2 permeance
(mol/m2·Pa·s)

O2/N2

selectivity
PI carbon membrane 02.72×1060 7.5
PI/PVP blend (a) carbon membrane 02.01×1060 10
PI/PVP blend (b) carbon membrane 06.70×1070 15
Cellulose acetate 30.78×1010 5.4
Polysulfone 09.045×1090 5.7
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