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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 membranein 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 y-Al,Os and SiO; 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 cataytic 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-K utta 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 accumul ated from the experiments and modeling.

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

1. Introduction

Natura gasisfull 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 catal yst regeneration is required. To
overcome high temperature requirement, a number of aternative 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. Thisis 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)

catal ytic 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 (cataytic 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 gasis fed to tube side and
then they permesate 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 isreguired in the reactor, the membrane
should be thick enough to distribute a little amount of oxygen in to catalyst bed
(Alfonso et a. 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, ultrafiltration 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,g - Al>O3 and SiO,, 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 propaneover a V/MgO catalyst

A detailed discussion of the kinetics of oxidative dehydrogenation may be found in
Romas et d (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 isas

below:
C,H;+SO® C,H ,+H,O+S =kPeudofro
C,H;+ 7SO ® 3CO +4H,0+7S M, =Ky Pe 0o fro
C;H,+10S0 ® 3CO, +4H,0+10S ry = KePon G, frio
C,H,+6S ® 3CO +3H,0 +6S My = KePeu 9o fro
C,H+9S0 ® 3CO, +3H,0+9S rs = KsPoo, Ao fro
0.50,+S® S0 re = KePo,ds
where
o = KePs, O
° kePo, + (K, + 7k, +10k, )P, + (6K, +9Ks) P .
9s =1-q, (2)
1
0™ m ()
k =k, exp(- E /RT) (4)
i 1 2 3 4 5 6 Kn
~ kmol | 1.756*10° | 18.62 | 0.0196 | 6.3210° | 2.274*10° | 1.986*10" | 2.756*10"
'° kgsbar
e M 1545 97.36 | 48.41 | 2085 | 1823 205.1 139.9(pH,)

Table 1: The amounts of pre-exponential factor of reaction j, adsorption constant of water vapour, activation
energy of reactioni and adsorption heat of water vapour [20]

Ei activation energy of reaction i, kJ/mol

fu2o defined in section 2

fi  molar flux of component i, kmol/m?s

AHy, adsorption heat of water vapour, kJ/mol

K} adsorption constant of water vapour, 1/bar

ki reaction rate constant of reaction i, kmol/kg s bar
kio pre- exponential factor of reaction i, kmol/kg s bar
pi partial pressure of component |, bar

ri reaction rate of reaction i, kmol/kg s

s activesite of catalyst

q, fractional surface coverage of oxygen

gs fractional vacant surface
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3. Different types of feed arrangementsused in the reactor

Two membrane reactor configurations that were compared in this work:

st et
A3 FIRED BED REACTOR (FaR)
ke Foras

B} IMNENT REMIBRAME REACTING WiITH
PERRESTOMN OF He AND O, AR He 40

ool Dk

T NERT MMERBRANE REMAZTOR WIETH
FERMAEATHON F O, HbAR 1L

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

IMRHet+O, (Fig 1b.) when the inert gas is fed aong with oxygen, and IMRO; (Fig
.1c) when the inert gas is premixed with propane. The system can also be operated as
aconventional fixed bed. (Fig. 1a) by co-feeding all the reactants to the tube side and
closing the valves on the shell side.

4. Gastransport through the membranes

Sorption and diffusion are two major processes that play important rolesin 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 i nteractions 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 propanein
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 mechanismsi.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).

3.2
- RT
= P \ /2pg.M (5)

980 gr mass cm/grf s°

molecular weight, gr/grmol

pressure, gf/cm?

universal gas constant, 84780 grf cm/ grmol K
temperature, K

mean free path of the diffusing gas molecules, cm
viscosity, poise

3.1416

AT 410 ZQ

4.2.1. Knudsen diffusion
Knudsen diffusion occurs when the mean free path of the diffusing gas moleculesis
much larger than the average size of the pores diameter (I >>d, ) Knudsen

diffusivity is given by Eq (12) (Burggraaf et a. 1996).
Error! Objects cannot be created from editing field codes.

4.2.2. Trangition flow or dlip flow
Transition flow occurs once the mean free path of the diffusing gas moleculesis equal

to the average size of the pores diameter (I =d, )(Burggraaf et a. 1996).

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


http://www.pdffactory.com

M. Fard Mostafavi et al.

4.2.3. Viscous flow
Viscous flow occurs when the mean free path of the diffusing gas moleculesis much
smaller than the average size of the pores diameter (I <<d p)(Burggraaf et d. 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 isfrequently used to model multi-component transfer through asymmetric
composite membrane. The main model equation capable to predict molar flux
densities (J) for all componentsis: (Thomas et a. 2001)

P X B, cno & XJdi-xdp 3
- P Rx - 2 (1+—_p)Np = + , 1=1..,n 7
TSR o g PP & T e )
e 4 . | 8RT
DKl _7k0 W (7a)
TS[M1+M2
2M M,
D,, =0.00262 ; (7b)
PSlZWlZ
. _€
Di'j :t—Dij (7c)

Bo® Permesbility(m?)

d,  mean porediameter (m)

D; binary diffusion coeffcient (m%s)

D% diffusion coefficient of configurational diffusion (mzls)
D% Knudsen diffusion coefficient (m?/s)

EC activation energy of configurational diffusion (J/mol K)

J molar flux density (mol/s m?)
%  Knudsen coefficient (m)
L membrane length (m)

M molar mass (kg/mol)
n- molar flux (mol/s)
p pressure (pa)
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r radius (m)

A universal gas constant (Jmol K)
T temperature (K)

X mole-fraction

Greek symbols
E  porosity
n viscosity (Pa.s)
Py Probability factor
T 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 moleculesin
the gas phase and the solid assumed consisting of regularly distributed dust
molecules fixed in space.

The binary diffusion coefficient (Dj;) can be estimated using the Chapman- Enskog
equation.
The three membrane parameters of the DGM, i.e. the Knudsen coefficient

(ke0), the permeability constant (B%) and the ratio of porosity to tortuosity?g, have
et g

to be determined experimentally.
If asingle gas permeates through a membrane the DGM reduces to:

1 a4 [BRT B 0.
J =- —¢C—k¢ + =0 pN 8
' RT§3° pM,  h, po (8)

For acylindrical membrane after integration, the following linear dependence of the

. . an, 0
ratio of the molar flow rates over the pressure difference, g&: versus the mean
a

pressure (P ) holds:

: A e 9
i:_ _ 2pL aikg ﬂ.pir): (9)
Dp 'A‘TIn(router/rinner)é3 pM| hi ﬂ
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The slope of thislinear dependence is proportiona to the permeability constant, B%,
and the intercept contains the Knudsen coefficient, k; . One can estimate a mean pore

diameter, knowing ko® and Bo® and assuming non- interconnected circular capillaries
(Thomas et a. 2001).

8B;
d, =-—">2 10
e (10
and amean ratio of porosity and tortuosity. (Thomas et al. 2001).
e\2
t 2B,

In order to calculate diffusion coefficient of each gas speciesin the asymmetric
composite membrane, it isassumed 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.

The
Thickness average size e e e
Layer (m) of the Pores ks () By (m) t
diameter(m)
g&l ,0, 2.5¢10° 4%10° 1.11*10° 2.18+*10™8 0.742
SO, 107 0.5*10° 0.025*10°° 0.00156*10™® 0.2

Table 2: Asymmetric structure of the membrane under study (Thomas et a. 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 severa porous
membranes the resulting pressure profiles depend on the properties of al 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 Eqg. (9), the steady state permesation of a
single gas can be described using the following three equations:

n = 2pL ’ aq'ikg,sup oot |8AT + B """ p, + plzg (12)
(pl - p12) ATIn(r1/r12) 3 pMi hi 2 9
- A elayerl 0
n| = _ 2p|— 4 ?‘kg,layerl 8AT + BO p12 + pZBi (13)
(p12 - p23) ATIn(r12/r23) 3 pMi hi 2 a9
ni. = _ 2p|— . aikg,layerZ 8AT + Bg,layerz p23 + pBg (14)
(Pys - P3) ATINn(ry, /15) §3 pM; h, 2 5

If the geometrical (r1, r12, 23, r3) and membrane parameters (ko° and B%) and the
pressures p; and pz are known, it is possble to determine the molar flow rate, n, the
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intersectional pressures, pi2 and pzs, and thus the whole pressure profile across the
membrane (Thomas et a. 2001).
5.2. Configurational diffuson

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
regimeisreached (Burggraaf et a. 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. M odeling 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/M @O catal yst containing 24% wt V,0s and 76% wt MgO in the process,
(Ramos et al. 2000).

(8) Concentration gradient of gas species is considered axially;

(9) Because of alittle pressure difference along the radia position, mass transport by
convection in radial position is negligible compared with the diffusion transport;

(20) 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 gAl, O, and distributor layer (SO.), therefore mass transport of gas

species in asymmetric composite membrane occurs with the Knudsen mechanism and
the term isrelated 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 speciesis calculated by Eg. (5). The amount
of the mean free path of gas species such as propane, oxygen, propylene, water
vapour and carbon oxidesin different temperaturesis presented in Table 3.

10
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LT P B C DS DR Do DY Y
(m) 10%m 10%m | 107%m | 107 10%m | 107m
748 98.19 104.82 230.12 | 217.2 202.73 214.92 175.3
773 102.39 109.29 240.13 | 227.14 | 213.74 224.7 182.46
798 106.53 113.71 250.29 | 237.24 | 224.88 234.66 189.64
823 110.74 119.72 260.68 | 24754 | 236.28 244.79 196.86

Table 3: The mean free path of gas pecies 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 speciesin tube side and shell side
Based on above assumptions mass balance equations it may be written for any

component i asfollow:
a) For the tube side (feed):

dNi,I _ 2 o
—==prrgan;r; - 2onQ (P, - Py)

vapour used in this mechanism.

dL

N;, «: molar flow rate component i in the tube side (kmol/s)

L: Reactor length (m)

r: Reactor inner radius (m)

I' g : Catalyst bulk density (kg/m?)

n; : The stoichiometric coefficient of component i in the reaction

r;: The reaction rate of reaction j (kmol/kg s)
Q:: Permeation flux (kmol/m? s bar)
P.: Partial pressure of component i in the tube side (bar)
Ps 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

11
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M.
ks

klk | k2 (kmol ) K, Ks Ke Kb

T(K) mo kgsbar kmol  kmol kmol kmol
kmol

(kgsbar) (kg oar ) (kgsbar) \kgsbar) (kgsbar ) (kgsbar)
748 | 2.85*10° | 2.95¢10° | 8.16*10° | 1.74*10° | 4.23*10° | 9.45*10* | 4.7
773 | 6.37*10° | 4.91¥10° | 1.0510° | 5.15%10° | 1.09*10* | 2.74*10° | 9.73
798 | 1.35*10* | 7.89*10° | 1.33*10° | 1.42*10* | 2.65*10* | 0.007 19.25
823 | 2.74*10* | 1.23*10° | 1.65*10° | 3.7*10* | 6.12*10* | 0.019 36.53

Table 4: Reaction rate constants of reaction j and adsorption constant of water vapour in different temperature
b) For the shell side:

Ni, ¢ molar flow rate of component i in the shell side

is _

- ZprtQi (Pn - P|s)

(16)

Eq. (14) and amount of ko° (Table 2) are used to caculate diffusion coefficient of the
gas species in support layer and distributor layer. Tables 5 & 6 highlight amount of
diffusion coefficient of gas speciesin support and distributor layers.

T(K) DCsHs’k' D%He’k' DOZ ’k, D“z ’k, D—bo ’k' DCO’k' DCQ ’k,
10 m/s 10 m/s 10 m/s 10 m/s 10 m/s 10 m/s 10 m/s
748 886.94 907.94 1041.19 | 1112.8 1387.65 | 1112.86 | 887.82
773 901.64 922.99 1058.45 | 1131.24 | 1410.65 | 1131.3 902.53
798 916.11 937.8 1075.43 | 1149.39 | 1433.27 | 114945 | 917.01
823 930.35 952.37 1092.15 | 1167.25 | 1455.55 | 1167.32 | 931.26

Table 5: Diffusion coefficient of gas species in the support layer in different temperatures

T(K) DC«Hs’k' D%He’k, Doz’k, Dwk, D'lzo’k, Deor ch’k,
10 m/s 10 m/s 10 m/s 10 m/s 10 m/s 109m/s 10 m/s

748 19.97 20.44 23.45 25.16 31.25 25.06 19.99

773 | 20.30 20.78 23.83 2547 3177 2547 20.32

798 | 20.63 21.12 24.22 25.88 32.28 25.88 20.65

823 | 20.95 21.44 24.59 26.28 32.78 26.29 20.97

Table 6: Diffusion coefficient of gas speciesin the distributor layer in different temperatures

12
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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 layersin form of serial
resistances:

(M)sio, = (M) g a0, = (M )ioa
(3) It isassumed that since just specimen presentsin 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
permesation 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 a. 2001).

g- Al,O3 total

(pt - pav)DK,i — (pav - ps)DKS,(l)2 — (pt - ps)DK,i

r r r (17)
InC=) InC=) In2)

P tube side pressure (bar)

Ps: shell side pressure (bar)

re: reactor inner radius (m)

ra: summation of reactor inner radius with the thickness of the support layer

I 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 speciesin asymmetric composite membrane.
Permeation flux (Q) of gas speciesis calculated by Eq. (18) (Reith et a. 2003).

J. Dtotial
Q=™ R €

DP : Pressure difference along the asymmetric composite membrane

I: Total thickness of composite membrane

R: Universal gas constant

T: Temperature

D; '*@: Total diffusion coefficient of gas speciesin the form of Knudsen diffusion

13
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Table 7 shows the amount of the total diffusion coefficient of gas speciesin different
temperatures whereas the amount of the permeation flux of gas species in different
temperaturesis presented in Table 8.

T(K) Dopigrc Dopienc Do, Dy Dios Deorc Degw’
10%29 | 10%29 | 10%2y | 10%2y | 10%29 | 10°%m9 | 10%m2
748 332.32 340.19 390.12 416.94 519.92 416.97 332.65
773 337.83 345.83 396.58 423.85 528.54 423.88 338.19
798 343.25 351.37 402.94 430.65 537.02 430.68 343.59
823 348.58 356.83 409.21 437.35 545.37 437.37 348.93
Table 7: Totd diffusion coefficient of gas species in different temperatures
S e L b L
B e O O B U R P L
nfsbaf nisbal nisbal nfsbar nfsbar
748 | 20551.87 | 21038.38 | 24126.08 | 27785.17 | 32153.86 | 25786.59 | 20572.11
773 | 20216.8 20695.38 | 23732.73 | 25364.78 | 31929.63 | 25366.17 | 20236.71
798 19897.6 20368.63 | 23358.02 | 24964.4 31130.24 | 24965.67 19917.20
823 19593.06 | 20056.87 | 23000.52 | 24582.21 | 30653.77 | 24583.56 19612.35

Table 8: Permeation flux of gas speciesin different temperatures

9. Resultsand 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 eguations solution.

14
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Scheme of reactor configuration: IM RO (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
sdeincreases, 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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Fgure 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 permesate with alarge 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 processis 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 alarge
amount in the higher temperatures.
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Figure8: Profile of carbon mono oxide molar flow rate along the reector 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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Fgure 9: Profile of carbon dioxide molar flow rate along the reactor in different temperatures

Producing of carbon dioxidein 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 alarge 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,
30 propane molecules permesate through the membrane from the tube to the
shell side (using partia pressure’ sdriving force).
(2) Diffusion coefficient of propane in asymmetric composite membraneis
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 sdriving 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
sde, and thus propylene molecules permegte through the membrane from the
tube sde to the shell side (using partia pressure’ sdriving force).

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

Noticing that fluctuation of temperature do not make a considerable change in
diffusion of propylenein the shell side of the reactor, it seems that the utilization of
partial pressure sdriving 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
Sde to the shell of the reactor.
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Fgurel2: 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 aong 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
sde, and thus oxygen molecules permesate through the membrane from the
shell to the tube side (using partial pressure s driving force).

(2) Diffusion coefficient of oxygen in asymmetric composite membraneis high.
Temperature increase reaults, increase of oxygen diffusion coefficient and increscent
of the rate of oxygen molecules motion. In the higher temperature, the oxygen
molecules permeate with alarge amount from the shell side to the tube side. So the
amount of remained oxygen molar flow rate aong the reactor shell side decreases
with temperature increase.
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Figure 13: Profile of nitrogen molar flow reate 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) Theamount 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 sdriving force)

(2) Diffusion coefficient of nitrogen in asymmetric composite membraneis 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 alarge 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) Theamount of molar flow rate water vapour in the tube side is more than its

shell side, so water vapour molecul es permeate through the membrane from the

tube side to the shell side (using partial pressure sdriving force)

(2) Diffusion coefficient of nitrogen in asymmetric composite membraneis
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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Figurel5: 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) Theamount of molar flow rate carbon mono oxide in the tube sideis 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’ sdriving
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) Theamount of molar flow rate carbon dioxide in the tube side is more than its

shell side, so carbon dioxide molecul es permesate through the membrane from the

tube side to the shell side (using partial pressure sdriving force)

(2) Diffusion coefficient of carbon dioxide in asymmetric composite membraneis
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 resultswith experimental results
Scheme of reactor configuration: IMRO (inert membrane reactor with
permeation of oxygen from the shell side)

100

80
60 ——exp.
40 —8— model

20

Propane conversion (%)

Figurel?: Variation of propane conversion with temperature (IMRO,)
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Propane conversion (%)
Experimental Moaodédling Absolutely Approximately
error (%) error (%)
45 42 3 0.066
57 53 4 0.07
65 62 3 0.046
82 78 4 0.0487

Scheme of reactor configuration: IMRHe+O; (inert membrane reactor with
permesation of oxygen and inert gas from the shell side)
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Figure 18: Variation of propane conversion with temperature (IMRHe+O,)

Propane conversion (%)
Experimental Moaodédling Absolutely Approximately
error (%) error (%)
40 37 3 0.075
52 48 4 0.0769
61 57 4 0.0655
77 73 4 0.0519

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

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
afixed 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 silical g - dumina 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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