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Abstract 

This study examines the oxidative dehydrogenation of propane in the membrane 
reactor and then tries to present the oxygen diffusion model from the membrane in to 
the reactor in order to complete dehydrogenation reaction.  
During the diffusion of oxygen from the membrane in to the reactor, it is believed that 
the membrane contains γ-Al2O3 and SiO2 layers, which are protector and distributor, 
respectively. The distributor layer is applied simply to dispense the oxygen and as 
such, it doesn’t have any catalytic property. To calculate the diffusion coefficient of 
gas species in the reactor, Dusty Gas Model was employed. In this particular model, 
three diffusion mechanisms of Knudsen, viscose and molecular were taken into 
consideration. However, for the calculation of diffusion coefficients of each gas 
species in the composite membrane, the molecular diffusion mechanism was not 
considered. Furthermore, Knudsen mechanism has been considered only for gas 
transfer in the composite membrane because the mean free-path of gas species such as 
propane, propylene, oxygen, water vapor, oxides of carbon is much larger than the 
average size of the pores diameter of the porous membrane. The mass balance 
equation of gas species are written at 748, 773, 798 and 823 K respectively, in the 
shell and the tube of the membrane reactor. Runge-Kutta method and MATAB 
software were applied during the course of the current research to solve the equations. 
The findings of the aforementioned equations indicated a reasonable concurrence 
between the results accumulated from the experiments and modeling. 

Keywords: Modeling, oxidative dehydrogenation of propane, propylene and 
membrane reactor 

1. Introduction 

Natural gas is full of light paraffin such as ethane, propane and butane, which can 
contribute, in different reactions to produce valuable olefinic products (Alfonso et al. 
2000). Catalyst coking occurs due to the necessarily high temperature in the reversible 
endothermic processes, and as such some form of catalyst regeneration is required. To 
overcome high temperature requirement, a number of alternative procedures have 
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been suggested. One is oxidative dehydrogenation of propane for the production of 
propylene with the potential to over come the major technical problems associated 
with normal dehydrogenation. The other problems are related to control of selectivity 
due to the production of undesired carbon oxides, the flammability of reaction 
mixtures, complexity of control of temperature and the possibility of reaction 
runaway; and therefore membrane reactor are recommended for the solution of these 
problems (Al- Sherehy et al. 1998).  
In recent years, the use of membranes in reaction engineering has been strongly 
advocated. Although many possibilities exist, two important membrane reactors may 
be defined as: (a) the membrane that is employed to separate selectivity of the 
reaction products. This is used to improve the yield in an equilibrium-limited reaction, 
and has been demonstrated for several dehydrogenation reactions, using hydrogen - 
selective membrane; (b) the membrane is employed to distribute one of the reactants 
along a catalyst bed. This operation mode has been employed in many oxidation 
reactions, such as oxidative dehydrogenation of propane (Hou et al. 2001). Taking 
into account the kinds, the membrane reactors are divided into two groups: (a) inert 
membrane reactors (IMRs), where the membrane does not participate in the reaction 
directly, but is being used to add or remove certain species from the reactor (b) 
catalytic membrane reactors (CMRs) the reaction takes place directly on the 
membrane. This requires the membrane material has intrinsic catalytic activity or that 
is modified by addition of active component. These membrane reactors include active 
zone (catalytic layer of membrane) and inactive zone (support layer of membrane). In 
the process of oxidative dehydrogenation of propane, oxygen is fed to inactive zone 
and then it permeates to active zone. Propane with inert gas is fed to tube side and 
then they permeate to active zone. The process takes place only in active zone 
(Alfonso et al. 2000).  
In order to improve selectivity of the desired product (propylene), the reactor should 
be controlled with respect to its temperature and should prevent combustion of feed 
mixtures. Since a little amount of oxygen is required in the reactor, the membrane 
should be thick enough to distribute a little amount of oxygen in to catalyst bed 
(Alfonso et al. 1999).  
Due to their high thermal and chemical stability, inorganic membranes are employed 
in membrane reactors for oxidative dehydrogenation of propane.  
However, in order to increase the resistance of the membrane against oxygen 
diffusion, multi-layer asymmetric composite membranes are used. The layers are 
support, microfitration, micro/ ultra filtration, ultra filtration and non-filtration/ gas-
separation or gas-distribution (Thomas et al. 2001). 
In this paper, for distribution of oxygen from membrane into the reactor, it is assumed 
that the membrane consists of two layers, −γ  Al2O3 and SiO2, which are the support 
and distributor layers, respectively. Here, membrane is used just to distribute oxygen 
and does not have any catalytic property.  

2. Kinetics of oxidative dehydrogenation of propane over a V/MgO catalyst 

A detailed discussion of the kinetics of oxidative dehydrogenation may be found in 
Romas et al (2000). The kinetic data were calculated in the temperature range 
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between 450-550 ◦C. The reaction took place in the fixed-bed reactor that led to the 
produce propylene, water vapor and carbon oxides (Hou et al. 2001). The model is as 
below: 
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Table 1: The amounts of pre-exponential factor of reaction j, adsorption constant of water vapour, activation 

energy of reaction i and adsorption heat of water vapour [20] 

Ei    activation energy of reaction i, kJ/mol 
fH2O defined in section 2 
fi         molar flux of component i, kmol/m2s 
∆Hh  adsorption heat of water vapour, kJ/mol 
 Kh   adsorption constant of water vapour, 1/bar 
ki   reaction rate constant of reaction i, kmol/kg s bar 
ki0  pre- exponential factor of reaction i, kmol/kg s bar  
pi   partial pressure of component I, bar  
ri    reaction rate of reaction i, kmol/kg s 
s     active site of catalyst  

oθ    fractional surface coverage of oxygen 

Sθ     fractional vacant surface                                     
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3. Different types of feed arrangements used in the reactor 

Two membrane reactor configurations that were compared in this work:  
 

 
Figure 1:  Scheme of the different reactor configurations used in this work (Ramos et al. 2001). 

 
IMRHe+O2 (Fig 1b.) when the inert gas is fed along with oxygen, and IMRO2 (Fig 
.1c) when the inert gas is premixed with propane. The system can also be operated as 
a conventional fixed bed. (Fig. 1a) by co-feeding all the reactants to the tube side and 
closing the valves on the shell side.  

4. Gas transport through the membranes 

Sorption and diffusion are two major processes that play important roles in the overall 
gas transport, where sorption describes the interactions between gas molecules and 
the membrane surface, and diffusion describes the rate of gas passage through the 
membrane. Sorption of gas molecules from the bulk gaseous state to the surface of the 
membranes occur physically or chemically depending on the nature of the force 
between the gas molecules and the surface. Chemisorption occurs once the 
interactions are strong while physisorption occurs when the interactions with the 
surface are weak. In the subsequent transport process the adsorbed molecules diffuses 
through the membrane in various way under the driving force of a concentration 
gradient (Lee et al. 2002). Detailed discussions about sorption and diffusion steps 
follow in the following sections. 
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4.1. Sorption 

Gas transport through micro porous or dense materials such as zeolites requires 
adsorption of molecules before the subsequent diffusion process. Adsorption is 
usually not multilayer, and often well below a monolayer (Lee et al. 2002).Adsorption 
isotherms are not valid for gas species. The amount of gas that is adsorbed in porous 
membrane is negligible. In modelling of oxidative dehydrogenation of propane in 
membrane reactor, the asymmetric composite membrane is being used and it is 
assumed that the temperature is constant. Therefore, adsorption gas species is not 
considered. 
 

4.2. Diffusion 

Diffusion of molecules through a membrane proceeds in various ways depending on 
the nature of the interaction between the diffusing gas molecules and the membrane. 
The ratio of the molecular size of the diffusing gas, the mean free path of the 
diffusing gas molecules and the pore diameter of the porous membrane play important 
roles in determining which diffusion mechanism may apply (Lee et al. 2002). We 
have focused on three different gas diffusion mechanisms i.e. Knudsen, Transition 
and Viscous. Before discussing these mechanisms, it is worth to mentioning that the 
mean free path of the diffusing gas molecules calculates by Eq (11) (Treybal et al. 
1968). 

)5(2
2.3

Mg
RT

P cπ
µ

λ =  

gc      980 gr mass cm/grf s2 
M    molecular weight, gr/grmol 
p     pressure, gf/cm2 
R    universal gas constant, 84780 grf cm/ grmol K 
T     temperature, K 
λ    mean free path of the diffusing gas molecules, cm 
µ      viscosity, poise 
π       3.1416 
 
 

4.2.1. Knudsen diffusion 
Knudsen diffusion occurs when the mean free path of the diffusing gas molecules is 
much larger than the average size of the pores diameter ( )pd>>λ . Knudsen 
diffusivity is given by Eq (12) (Burggraaf et al. 1996). 
Error! Objects cannot be created from editing field codes. 

4.2.2. Transition flow or slip flow 
Transition flow occurs once the mean free path of the diffusing gas molecules is equal 
to the average size of the pores diameter ( )pd=λ (Burggraaf et al. 1996). 
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4.2.3. Viscous flow 
Viscous flow occurs when the mean free path of the diffusing gas molecules is much 
smaller than the average size of the pores diameter ( )pd<<λ (Burggraaf et al. 1996). 

5. Asymmetric composite membrane  

These membranes consist of several layers. Two models descript the diffusion gas 
through these membranes: 
. Dusty Gas Model  
. Configurational diffusion  

5.1. Dusty Gas Model   

The DGM is frequently used to model multi-component transfer through asymmetric 
composite membrane. The main model equation capable to predict molar flux 
densities (Ji) for all components is: (Thomas et al. 2001) 
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r        radius (m)  
ℜ        universal gas constant (J/mol K) 
T        temperature (K) 
x       mole-fraction 
 
Greek symbols  
Ε       porosity  
η        viscosity (Pa.s) 
ρg        Probability factor 
τ        tortuosity       

Three gas-phase transport mechanisms considered by this model are:  
. Molecular diffusion; 
. Knudsen diffusion;  
. Viscous flux.   The left side of Eq (7) quantifies the driving forces formed by partial 
pressure and overall pressure differences across the membrane. The first term 
on the right side takes into account interactions between the molecules in the 
gas phase. The second term considers the resistance between the molecules in 
the gas phase and the solid assumed consisting of regularly distributed dust 
molecules fixed in space.  
The binary diffusion coefficient (Dij) can be estimated using the Chapman- Enskog 
equation. 
The three membrane parameters of the DGM, i.e. the Knudsen coefficient 

(ke0), the permeability constant (Be
0) and the ratio of porosity to tortuosity 







τ
ε , have 

to be determined experimentally.  
If a single gas permeates through a membrane the DGM reduces to:  
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The slope of this linear dependence is proportional to the permeability constant, Be
0, 

and the intercept contains the Knudsen coefficient, ek0 . One can estimate a mean pore 

diameter, knowing k0
e and B0

e and assuming non- interconnected circular capillaries 
(Thomas et al. 2001). 

       (10)                                   e
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and a mean ratio of porosity and tortuosity. (Thomas et al. 2001).   
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In order to calculate diffusion coefficient of each gas species in the asymmetric 
composite membrane, it is assumed that just specimen is present in the reactor; and 
thus, molecular diffusion has not been taken into account. Table 2 presents some 
information about the properties of composite membrane reactor under study. 

  

τ
ε  (m)e

0B  (m)e
0k  

The 
average size 
of the Pores 

diameter(m)    

Thickness 
(m) Layer  

0.742 2.18*10-18  1.11*10-9  4*10-9  2.5*10-5  
32OƯAlγ  

0.2 0.00156*10-18  0.025*10-9  0.5*10-9  10-7  SiO2  
 

Table 2: Asymmetric structure of the membrane under study (Thomas et al. 2001) 
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5.1.1. Description of gas permeation through asymmetric porous membranes 
with the DGM   

When a gas permeates through an asymmetric structure consisting of several porous 
membranes the resulting pressure profiles depend on the properties of all layers. 

 
Figure 2:  Pressure profile across an asymmetric membrane (support and two layers) (Thomas et al. 2001) 

 

Figure 2 schematically illustrates the situation for a support and two additional layers. 
Assuming DGM to be applicable based on Eq. (9), the steady state permeation of a 
single gas can be described using the following three equations: 

)12(
2

8
3
4

)/ln(
2

)(
121

sup,
0sup,

0
121121

.










 +
+

ℜ
×

ℜ
−=

−
ppB

M
Tk

rrT
L

pp
n

i

potte

i

portei

ηπ
π  

)13(
2

8
3
4

)/ln(
2

)(
2312

1,
01,

0
23122312

.










 +
+

ℜ
×

ℜ
−=

−
ppB

M
Tk

rrT
L

pp
n

i

layere

i

layerei

ηπ
π

  

)14(
2

8
3
4

)/ln(
2

)(
323

2,
02,

0
332323

.










 +
+

ℜ
×

ℜ
−=

−
ppB

M
Tk

rrT
L

pp
n

i

layere

i

layerei

ηπ
π

  

 
If the geometrical (r1, r12, r23, r3) and membrane parameters (k0

e and Be
0) and the 

pressures p1 and p3 are known, it is possible to determine the molar flow rate, ni, the 

PDF created with pdfFactory Pro trial version www.pdffactory.com

http://www.pdffactory.com


              M. Fard Mostafavi et al.                             

 10 

intersectional pressures, p12 and p23, and thus the whole pressure profile across the 
membrane (Thomas et al. 2001). 

5.2. Configurational diffusion  
  If the pore diameter is smaller than the range of the range of the sizes of the 
molecules mass transfer characteristics change and the configurational diffusion 
regime is reached (Burggraaf et al. 1996). 
Since the sizes of the molecules such as propane, oxygen, propylene, water vapour 
and carbon oxides (0.3 nm) are smaller than the pore diameter of support layer (4 nm) 
and distributed layer (0.5 nm), therefore this model has not been considered in the 
present study. 

6. Modeling of oxidative dehydrogenation of propane for propylene production 
in membrane reactor  

Modelling of oxidative dehydrogenation of propane in membrane reactor has been 
developed with the following assumptions:  
(1) Steady state operation; 
(2) Isothermal state operation;  
(3) Isobaric reactor conditions; 
(4) Neglecting the pressure drop due to the wall friction, compared due to particle; 
(5) Cylindrical symmetry;  
(6) Using inert membrane reactor in the modelling;       
(7) Using V/MgO catalyst containing 24% wt V2O5 and 76% wt MgO in the process; 
(Ramos et al. 2000).  
(8) Concentration gradient of gas species is considered axially; 
(9) Because of a little pressure difference along the radial position, mass transport by 
convection in radial position is negligible compared with the diffusion transport;  
(10) The mean free path of the diffusing gas species such as propane, oxygen, 
propylene, water vapour and carbon oxides is much larger than the pore diameters of 
the support layer Alـ Oγ 2 3  and distributor layer (SiO2), therefore mass transport of gas 
species in asymmetric composite membrane occurs with the Knudsen mechanism and 
the term is related to Viscous flow in DGM is omitted;        
(11) Using the DGM for modelling of diffusion of gas species in the asymmetric 
composite membrane.  
          
7. Calculation of the mean free path and comparing it with the pore diameters of 
porous membrane 
The mean free path of the diffusing gas species is calculated by Eq. (5). The amount 
of the mean free path of gas species such as propane, oxygen, propylene, water 
vapour and carbon oxides in different temperatures is presented in Table 3.  
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×
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×OH 2

λ  
10-9

(m) 
×

2Nλ  
10-9

(m) 
×

2Oλ  
10-9

(m) 
×

63HCλ  

10-9
(m) 

×
83HCλ 10-

9(m) 
T(K) 

175.3 214.92 202.73 217.2 230.12 104.82 98.19 748 
182.46 224.7 213.74 227.14 240.13 109.29 102.39 773 
189.64 234.66 224.88 237.24 250.29 113.71 106.53 798 

196.86 244.79 236.28 247.54 260.68 119.72 110.74 823 
 

Table 3: The mean free path of gas species in different temperatures 

Table 3 shows that the mean free path of gas species is much larger than that of pore 
diameters of the support layer and the distributor layer. Therefore, mass transport of 
gas species in asymmetric composite membrane in 748, 773, 798 and 823 K occurs 
with Knudsen diffusion. 
   
8. Mass balance equations for each gas species in tube side and shell side 
 Based on above assumptions mass balance equations it may be written for any 
component i as follow:  
a) For the tube side (feed):  

(15)                               )(22,
isititjijBt

ti PPQrrr
dL

dN
−−= ∑ πνρπ 

       
Ni, t: molar flow rate component i in the tube side (kmol/s) 
L: Reactor length (m)  
rt: Reactor inner radius (m)  

Bρ : Catalyst bulk density (kg/m3)  

ijν : The stoichiometric coefficient of component i in the reaction 

rj: The reaction rate of reaction j (kmol/kg s) 
Qi: Permeation flux (kmol/m2 s bar) 
Pit: Partial pressure of component i in the tube side (bar) 
Pis: Partial pressure of component i in the shell side (bar) 
i: propane, oxygen, propylene, water vapour and carbon oxides 

The mechanism that is presented in section 2 is used for determining the reaction rate. 
Table 4 presents reaction rate constants of reaction j and adsorption constant of water 
vapour used in this mechanism.  
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)(
kgsbar
kmol  T(K) 

4.7 9.45*10-4 4.23*10-5 1.74*10-5 8.16*10-6 2.95*10-6 2.85*10-5 748 

9.73 2.74*10-3 1.09*10-4 5.15*10-5 1.05*10-5 4.91*10-6 6.37*10-5 773 
19.25 0.007 2.65*10-4 1.42*10-4 1.33*10-5 7.89*10-6 1.35*10-4 798 

36.53 0.019 6.12*10-4 3.7*10-4 1.65*10-5 1.23*10-5 2.74*10-4 823 
 

Table 4: Reaction rate constants of reaction j and adsorption constant of water vapour in different temperature 

b) For the shell side: 

)16()(2,
isitit

si PPQr
dL

dN
−= π  

 
Ni, s: molar flow rate of component i in the shell side  
Eq. (14) and amount of k0

e (Table 2) are used to calculate diffusion coefficient of the 
gas species in support layer and distributor layer. Tables 5 & 6 highlight amount of 
diffusion coefficient of gas species in support and distributor layers. 
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887.82 1112.86 1387.65 1112.8 1041.19 907.94 886.94 748 
902.53 1131.3 1410.65 1131.24 1058.45 922.99 901.64 773 
917.01 1149.45 1433.27 1149.39 1075.43 937.8 916.11 798 
931.26 1167.32 1455.55 1167.25 1092.15 952.37 930.35 823 

 
Table 5:  Diffusion coefficient of gas species in the support layer in different temperatures 
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19.99 25.06 31.25 25.16 23.45 20.44 19.97 748 
20.32 25.47 31.77 25.47 23.83 20.78 20.30 773 
20.65 25.88 32.28 25.88 24.22 21.12 20.63 798 
20.97 26.29 32.78 26.28 24.59 21.44 20.95 823 

 
Table 6:  Diffusion coefficient of gas species in the distributor layer in different temperatures  
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Assumptions for calculating total diffusion coefficient of gas species in asymmetric 
composite reactor are: 

(1) Similarity of permeation in membrane and electrical current is used for the 
asymmetric composite membrane, since the support and the distributor 
layers are considered in form of serial resistances. 

(2) By considering the support and the distributor layers in form of serial 
resistances: 

i SiO i Al O i total(n ) (n ) (n )γ−= =
2 2 3  

(3) It is assumed that since just specimen presents in the reactor, therefore 
molecular diffusion is not considered. The mean free path of the diffusing 
gas species is much larger than the pores diameter of the support and the 
distributor layers, therefore just Knudsen mechanism is considered for gas 
permeation in composite membrane (Thomas et al. 2001). 

Equations (12), (13) and (14) are used in order to calculate total diffusion coefficient 
of gas species. Equations (12), (13) and (14) are written in the form of Eq. (17) based 
on assumption (3) (Thomas et al. 2001). 
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Pt: tube side pressure (bar) 
Ps: shell side pressure (bar)  
rt: reactor inner radius (m) 
rav: summation of reactor inner radius with the thickness of the support layer  
rs: summation of reactor inner radius with thickness of the support and                         

distributor layers 
By extracting the amount of diffusion coefficient of gas species in the support layer 
from Table 5 and by extracting of its in the distributor layer from Table 6 and equally 
considering the first and the second part of Eq. (17), we can calculate the amount of 
the average pressure and then by considering the first and the third or the second and 
the third part of Eq. (17), we can calculate the amount of the total diffusion coefficient 
of gas species in asymmetric composite membrane.  
Permeation flux (Qi) of gas species is calculated by Eq. (18) (Reith et al. 2003). 

)18(                      
RTl

D
P

JQ
total

iKi
i

,=
∆

=  

 
P∆ : Pressure difference along the asymmetric composite membrane 

l: Total thickness of composite membrane 
R: Universal gas constant  
T: Temperature 
Di,k

total: Total diffusion coefficient of gas species in the form of Knudsen diffusion 
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Table 7 shows the amount of the total diffusion coefficient of gas species in different 
temperatures whereas the amount of the permeation flux of gas species in different 
temperatures is presented in Table 8.  
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343.59 430.68 537.02 430.65 402.94 351.37 343.25 798 

348.93 437.37 545.37 437.35 409.21 356.83 348.58 823 
 

Table 7: Total diffusion coefficient of gas species in different temperatures 
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20572.11 25786.59 32153.86 27785.17 24126.08 21038.38 20551.87 748 

20236.71 25366.17 31929.63 25364.78 23732.73 20695.38 20216.8 773 

19917.20 24965.67 31130.24 24964.4 23358.02 20368.63 19897.6 798 

19612.35 24583.56 30653.77 24582.21 23000.52 20056.87 19593.06 823 
 

Table 8:  Permeation flux of gas species in different temperatures 

 
 
9. Results and discussion 

 Mass balance of gas species were written at 748, 773, 798 and 823 K in the shell and 
the tube of the membranous reactor. The equations were solved using Runge-Kutta 
method and MATAB software.  
This section deals about the results produced from the equations solution. 
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Scheme of reactor configuration: IMRO2 (inert membrane reactor with permeation 
of oxygen from the shell side)   
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Figure 3: Profile of propane molar flow rate along the reactor in different temperatures 
 
 

Consumption of propane in this process has caused that the molar flow rate of 
propane decreases along the reactor in different temperatures.  
The outer molar flow rate of propane decreases with the increase of temperature. At 
the same time, since diffusion of oxygen coefficient increases with temperature, the 
amount of oxygen diffusion through the membrane, from the shell side to the tube 
side increases, as well. With the increase of the molar flow rate of oxygen along the 
reactor, propane conversion increases and the outer of molar flow rate of propane 
decreases with temperatures. 
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Figure 4: Profile propylene of molar flow rate along the reactor in different temperatures 
 
Production of propylene in this process shows that the molar flow rate of propylene 
increases along the reactor in different temperatures. At the beginning, increscent of 
molar flow rate propylene along the reactor is high but later it reduces because of 
consumption of propylene. (see the mechanism).   
Since, propane conversion increases along the reactor with temperature (Fig 3), molar 
flow rate of propylene increases along the reactor in different temperatures.  
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Figure 5: Profile of oxygen molar flow rate along the reactor in different temperatures 
 
At the beginning, the amount molar flow rate of oxygen increases along the reactor 
but later it is approximately constant because of oxygen consumption in this process. 
Increase in temperature results, an increase of oxygen diffusion coefficient and as 
such increscent of the rate of oxygen molecules motion. In the higher temperature, the 
oxygen molecules permeate with a large amount, from the shell side to the tube side.  
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Figure 6: Profile of nitrogen molar flow rate along the reactor in different temperatures 
 
Diffusion coefficient of nitrogen is high which is used only for dilution of feed. 
Nitrogen molecules usually permeate from the tube side to the shell side (using partial 
pressure’s driving force).  
Temperature increase results increase of nitrogen diffusion coefficient and increscent 
of the rate of nitrogen molecules motion. In the higher temperature, the nitrogen 
molecules permeate with a large amount, from the tube side to the shell side.  
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Figure 7: Profile of water vapour molar flow rate along the reactor in different temperatures 
 
Producing of water vapour in this process is caused that the molar flow rate of water 
vapour increases along the reactor in different temperatures. 
Temperature increscent, results an increscent in propane conversion and propylene 
conversion, so by attention to the mechanism, water vapour is produced with a large 
amount in the higher temperatures. 
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Figure8: Profile of carbon mono oxide molar flow rate along the reactor in different temperatures 
 

Production of carbon mono oxide in this process shows that the molar flow rate of 
carbon mono oxide increases along the reactor at different temperatures. 
Increase in temperature results an increase in propane and propylene conversion, and 
thus, with attention to this, carbon mono oxide is produced largely in the higher 
temperatures.    
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Figure 9: Profile of carbon dioxide molar flow rate along the reactor in different temperatures 
 
Producing of carbon dioxide in this process is caused that the molar flow rate of 
carbon dioxide increases along the reactor at different temperatures. 
Temperature increase result an increscent in propane and propylene conversion, and 
thus, carbon dioxide is produced with a large amount in the higher temperatures.  
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Figure 10: Profile of propane molar flow rate along the shell side of the reactor in different temperatures 

 
The amounts of molar flow rate of propane increases along the shell side of the 
reactor because:  

(1) The amount of molar flow propane in the tube side is more than the shell side, 
so propane molecules permeate through the membrane from the tube to the 
shell side (using partial pressure’s driving force). 

(2) Diffusion coefficient of propane in asymmetric composite membrane is 
approximately high.     

Noticing the fluctuation, temperature does not make a considerable change in 
diffusion of propane in the shell side of the reactor. It seems that the utilization of 
partial pressure’s driving force is the predominant mechanism in diffusion of propane 
from the tube to the shell side rather the increscent of diffusion coefficient caused by 
the temperature increscent. Thus the fluctuations in temperature do not have 
remarkable effect in the amount of propane diffusion from the tube side to the shell of 
the reactor.    
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Figure 11: Profile of propylene molar flow rate along the shell side of the reactor in different 
temperatures 

 
The amounts of molar flow rate of propylene increases along the shell side of the 
reactor because: 

(1) The amount of molar flow rate propylene in the tube side is more than its shell 
side, and thus propylene molecules permeate through the membrane from the 
tube side to the shell side (using partial pressure’s driving force). 

(2) Diffusion coefficient of propylene in asymmetric composite membrane is 
approximately high.     

Noticing that fluctuation of temperature do not make a considerable change in 
diffusion of propylene in the shell side of the reactor, it seems that the utilization of 
partial pressure’s driving force is the predominant mechanism in diffusion of 
propylene from the tube side to the shell side but not increscent of diffusion 
coefficient caused by the temperature increscent. So the fluctuation in temperature 
does not have a noticeable effect in the amount of propylene diffusion from the tube 
side to the shell of the reactor.    
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Figure12: Profile of oxygen molar flow rate along the shell side of the reactor in different temperatures 

 
The amounts of molar flow rate of oxygen decreases along the shell side of the reactor 
because: 
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(1) The amount of molar flow rate oxygen in the shell side is more than its tube 
side, and thus oxygen molecules permeate through the membrane from the 
shell to the tube side (using partial pressure’s driving force). 

(2) Diffusion coefficient of oxygen in asymmetric composite membrane is high.   
Temperature increase results, increase of oxygen diffusion coefficient and increscent 
of the rate of oxygen molecules motion. In the higher temperature, the oxygen 
molecules permeate with a large amount from the shell side to the tube side. So the 
amount of remained oxygen molar flow rate along the reactor shell side decreases 
with temperature increase.      
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Figure 13: Profile of nitrogen molar flow rate along the shell side of the reactor in different temperatures 
 
The amounts of molar flow rate of nitrogen increases along the shell side of the 
reactor.  
The reasons are: 

(1)  The amount of molar flow rate nitrogen in the tube side is more than its shell 
side, so nitrogen molecules permeate through the membrane from the tube side to 
the shell side (using partial pressure’s driving force) 

     (2) Diffusion coefficient of nitrogen in asymmetric composite membrane is high.  
Temperature increase results, increase of nitrogen diffusion coefficient and increase 
of the rate of nitrogen molecules motion. In the higher temperature, the nitrogen 
molecules permeate with a large amount from the tube side to the shell side. 
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Figure 14: Profile water vapour of molar flow rate along the shell side of the reactor in different 
temperatures 

 
The amounts of molar flow rate of water vapour increases along the shell side of the 
reactor. The reasons are: 

(1)  The amount of molar flow rate water vapour in the tube side is more than its 
shell side, so water vapour molecules permeate through the membrane from the 
tube side to the shell side (using partial pressure’s driving force) 

     (2) Diffusion coefficient of nitrogen in asymmetric composite membrane is 
approximately high.  
The fluctuation in temperature does not have a noticeable effect in the amount of 
water vapour diffusion from the tube side to the shell of the reactor.  
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Figure15: Profile of carbon mono oxide molar flow rate along the shell side of the reactor in different 
temperatures 

The amounts of molar flow rate of carbon mono oxide increases along the shell side 
of the reactor because: 

(1)  The amount of molar flow rate carbon mono oxide in the tube side is more 
than its shell side, so carbon mono oxide molecules permeate through the 
membrane from the tube side to the shell side (using partial pressure’s driving 
force) 
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     (2) Diffusion coefficient of carbon mono oxide in asymmetric composite 
membrane is approximately high.  
The fluctuation in temperature does not have a noticeable effect in the amount of 
carbon mono oxide diffusion from the tube side to the shell of the reactor. 
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Figure 16: Profile of carbon dioxide molar flow rate along the shell side of the reactor in different 
temperatures 

 
The amounts of molar flow rate of carbon dioxide increases along the shell side of the 
reactor. The reasons are: 

(1)  The amount of molar flow rate carbon dioxide in the tube side is more than its 
shell side, so carbon dioxide molecules permeate through the membrane from the 
tube side to the shell side (using partial pressure’s driving force) 

     (2) Diffusion coefficient of carbon dioxide in asymmetric composite membrane is 
approximately high.  
The fluctuation in temperature does not have a noticeable effect in the amount of 
carbon dioxide diffusion from the tube side to the shell of the reactor. 
 
9.1. Comparison of modelling results with experimental results  

Scheme of reactor configuration: IMRO2 (inert membrane reactor with 
permeation of oxygen from the shell side)  
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Figure17: Variation of propane conversion with temperature (IMRO2) 
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Propane conversion (%) 
Approximately 
error (%) 

Absolutely 
error (%) 

Modelling Experimental 

0.066 3 42 45 
0.07 4 53 57 

0.046 3 62 65 
0.0487 4 78 82 

 
Scheme of reactor configuration: IMRHe+O2 (inert membrane reactor with 

permeation of oxygen and inert gas from the shell side)  
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Figure 18: Variation of propane conversion with temperature (IMRHe+O2) 
 

Propane conversion (%) 
Approximately 
error (%) 

Absolutely 
error (%) 

Modelling Experimental 

0.075 3 37 40 
0.0769 4 48 52 
0.0655 4 57 61 
0.0519 4 73 77 

 
The effect of dilution with inert gas in the case of IMRO2 is more beneficial than the 
case of IMRHe+O2, and thus propane conversion in the case of IMRO2 is higher than 
that of IMRHe+O2. 
 

10. Conclusion  

  An inert membrane reactor has been used as an efficient contactor in the oxidative 
dehydrogenation of propane. The inert membrane reactor can significantly improve 
the yield of propylene for a given propane conversion, with respect to that obtained in 
a fixed bed reactor. A key factor for such improvement is the membrane permeability 
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that must be tailored to provide a distribution of oxygen along the reactor and a 
suitable value of the permeation flux. The composite silica/ −γ alumina membrane is 
used in this study as oxygen distributor.  
The membrane reactors have been recommended in order to improve yield of the 
desired product (propylene), control the temperature of the reactor and prevent from 
combustion of feed mixture. 
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