
R E F E R E N C E S

A rm or, N .J . M em brane cata lysis: w here is it n ow , w hat n eed s to  be done?. Catal. 
T od ay 25 (1995): 199 -207 .

A rm or, N .J . A p p lication  o f  catalytic  inorganic m em brane reactors to refinery  
products. J. M em b. S c i. 147 (1 9 9 8 ): 2 1 7 -2 3 3 .

Balachandran, บ . C eram ic m em brane reactor converting  m ethane to  syngas. Catal. 
T oday 36  (1 9 9 7 ): 2 6 5 -2 7 2 .

Barbiéri, G. and V ittorio , V . M ethan stream  reform ing an alysis in a Pd-based  catalytic  
m em brane reactor. Ind. C hem . E ng. R e s . 36  (1997): 3 3 6 9 -3 3 7 4 .

B arias, O .A ., H olm en , A . and B lek k an , E .A . Propane dehydrogenation  over supported  
platinum  catalysts - e ffec t o f  tin  as a prom oter. Catal. T oday 24  (1995): 36 1 -3 6 4 .

Barias, O.A., Holmen, A. and Blekkan, E.A. Propane dehydrogenation  over supported Pt

and P t-Sn  catalysts: C atalyst preparation, characterization, and activ ity
m easurem ents. J. C at. 158 (1 9 9 6 ): 1-12.

B indjou li, A .B ., D eh o cch e , z. and B em au er, B . N um erica l sim ulation  o f  catalytic  
inert m em brane reactor. C om puters, chem . E n gn g , 18 (1994): s337-s341. 

C asanave, D ., F ia ly , K. and D alm on . C om puter-aided optim ization  o f  the catalytic  
dehydrogenation  in  p ack ed -b ed  m em brane reactor. C om puters .chem . E n gn g , 22  
(1998), S691-SÔ94.

C ham pagnie, A . T he study o f  ethane dehydrogenation  in a catalytic m em brane  
reactor. J. C atal. 134 (1993): 6 1 3 -6 1 9 .

C ollin s, J. and Brinker, C.J. cata lyst dehydrogenation  o f  propane in hydrogen  
p erm selective  m em brane reactor. Ind. C hem . Eng. R e s . 35 (1996): 4398-4405. 

C oronas, J., M en en d ez, M . and Santam aria, J. M ethan ox id ative  cou p lin g  using
porous ceram ic reactor. Part II, R eaction  studies. C hem . E ngng. S c i. 49  (1994a): 
2 0 1 5 -2 0 2 5 .



62

C oronas, J., M en en d ez, M .and Santam aria, J. D eve lop m en t o f  ceram ic m em brane 
reactors w ith  non-un iform  perm eation pattern. A p p lica tion  to  m ethane ox id ative  
cou p lin g . C hem . E ngng. S c i. 49  (1994b ): 4 7 4 9 -4 7 5 7 .

C oronas, J., M en en d ez, M . and Santam aria, J. U se  o f  a ceram ic m em brane reactor for  
o x id a tiv e  dehydrogenation  o f  ethane to  eth ylen e and h igher hydrocarbons. Ind. 
C hem . E ng. R e s . 34  (1995): 4 2 2 9 -4 7 5 7 .

D em ig u el, S .R ., Castro, A .A ., S ce lza , O .A . and Soria, J. E ffect o f  the addition o f  
alk ali-m eta ls on  the m eta llic  phase o f  PtM UCb catalysts. Cat. L etts. 32  (1995):  
281-291

F ogler, H .G . E lem en ts o f  ch em ica l reaction  en g in eerin g , (n.p.): Prentice-H all
International, Inc. 2 nd (1992): 5 4 3 -6 3 5 .

From ent, G .F. and B isch o ff, K .B . C h em ica l reactor an alysis and d es ig n , (n.p.): John  
W iley  & S on s (1990): 125-167

G aluszka, J., Pandey, R. and A h m ed , ร ., P roceed in g  o f  F ifth  European W orkshop on  
M ethan A ctiv a tio n . L im erick. Ireland. (June 1997).

G obina, E ., H ou, K . and H ung, R. M athem atical an alysis o f  ethylbenzene  
dehydrogenation  com parison  o f  m icroporous and d en se m em brane system . J. 
M em b. S c i. 105 (1995): 163 -176 .

G obina, E. and H u gh es, R. R eaction  assisted  h ydrogen  transport during catalytic  
dehydrogenation  in a m em brane reactor. A ppl. C at. 137 (1996): 119-127 .

G obina, E. and H u gh es, R. R eaction  co u p lin g  in a catalytic m em brane reactor. C hem . 
E ng. S c i . 137 (1 9 9 6 ): 3 0 4 5 -3 0 5 0 .

G ovind , R. and A tnoor, D . D ev e lo p m en t o f  a com p osite  Pd m em brane for se lec tive  
h ydrogen  separation at h igh  tem perature. Ind. C hem . E ng. R es. 30  (1991): 591-  
594 .

G ryaznov, V .M . and S lin ’ko, M .G . S e lec tiv ity  in cata lysis by hydrogen-porous  
m em branes. D iscu ss . Faraday. S o c .' 72  (1982): 7 3 -9 3 .

G ryaznov, V .M . H ydrogen  perm eable palladium  m em brane cata lysis. Plat. M et. R e v ., 
3 0 (1 9 8 6 ) :  6 8 -7 2 .

G ryaznov, V .M . M em brane cata lysis. Catal. T od ay . 51 (1 9 9 9 ): 3 9 1 -3 9 5 .
G uo, X .M ., H idajat, K .and C hing, C .B . O xidative cou p lin g  o f  m ethane in a so lid  

o x id e  m em brane reactor. Ind. C hem . Eng. R es. 36  (1 9 9 7 ): 3 5 7 6 -3 5 8 2 .



63

H sieh , H .D . Inorganic M em brane for Separation and R eaction . A m sterdam : E lsev ier, 
(1 9 9 6 ), 6 2 0  pp.

Itoh, N . A  m em brane reactor u sin g  Pd A IC hE . J. 33 (1987): 1 576-1580 .
Itoh. N., X u , w .c .  and Sathe, A.M . C apability  o f  perm eate hydrogen  through Pd- 

based  m em branes for acety len e  hydrogenation . Ind. C hem . E ng. R e s . 32  (1993):  
2 6 1 4 -2 6 1 9 .

Itoh, N ., X u , W .C . and H araya, K . R adial m ix in g  d iffu sion  o f  h ydrogen  in  a packed- 
bed type o f  Pd m em brane reactor. Ind. C hem . Eng. R e s . 33 (1994): 197-202 .

K ikuchi, E. P allad ium /ceram ic m em branes for se lec tive  hydrogen  perm eation and  
their application  to  m em brane reactor. C atal.T oday. 25 (1995): 3 3 3 -3 3 7 .

K oukou, M .K ., Papayannakos, N . and M arkatos, N .c . D isp ersion  e ffec t on  M em brane  
reactor perform ance. A IC hE . J. 42  (1996): 2 6 0 7 -2 6 1 5 .

K rishnam urthy K .R . M od ifica tion s in supported m etal catalysts: E ffect o f  prom oters. 
R ecent A d v a n ces in B a sic  and A p p lied  A sp ects o f  Industrial C atalysis, 113 (1998): 
139-150

Lafarga, D ., Santam aria, J. and M enendez, M . M ethane ox id a tive  cou p lin g  using  
porous ceram ic m em brane reactors, Part I, reactor develop m en t. C hem . E ng. Sci 
49  (1994): 2 0 0 5 -2 0 1 3 .

Lam bert, C .K . and G on za lez , R .D . A ctiv ity  and se lec tiv ity  o f  a P d /A 1203  catalyst 
m em brane in the partial hydrogenation  reation o f  a cety len e and 1,3-butadiene. Cat- 
L etter. 57 (1 9 9 9 ): 1-7.

L arsson M , H enriksson , N . and A ndersson , B. In vestigation  o f  the k inetics o f  a 
deactivating  system  b y  transient experim ents. Ann. Cat. A , 166 (1998): 9 -19 .

L arsson M , H enriksson , N . and A ndersson , B. E stim ation  o f  reversib le and  
irreversible cok e b y  transient experim ents. C atalyst D eactivation . 111(1997): 6 7 3 -  
680 .

L even sp ie l, o . C h em ical reaction en g in eerin g , (n.p.): John W iley  & Sons. 2nd (1972):  
4 6 2 -4 7 7 .

Liu, c ., X u, Y . and L iao, ร. M on o- and b im eta llic  catalytic h o llow -fib er  reactors for  
the se lec tiv e  hydrogenation  o f  butadiene in 1-butene. A pp. Cat. A . 172 (1 9 9 8 ):2 3 -  
29.



64

Maksuda, T., Koike, I. And Kikuchi, E. Dehydrogenation of isobuthane in a Pd 
membrane reactor. Appl. Cat. A. 96 (1993): 3-10.

Nozaki, T.and Fujimoto, K. Oxide ion transport for selective oxidative coupling of 
methan with new membrane reactor. AIChE. J. 40 (1994): 870-877.

Pantazidis, A., Dalmon, J.A. and Miromatos, c. Oxidative dehydrogenation of 
propane on catalytic membrane reactor. Cat. Today. 25 (1994): 403-408.

Praserthdam P., Mongkhonsi, T., Kunatippapong, ร., Jaikaew, B. and Lim, N. 

Determination of coke deposition on metal active sites of propane dehydrogenation 
catalysts. Catalyst Deactivation. I l l  (1997): 153-158.

Raich, B.A. and Foley, H. Supra-equilibrium conversion in palladium membrane 
reactors: Kinetic sensitivity and time dependence. Appl. Catal. A . 129 (1995): 167- 
188.

Saracco, G., Neomagus, H.W.J.P. and Versteeg, G.E., High-temperature membrane 

reactor: Potential and problems. Chem. Engng. Sci. 54 (1999): 1997-2017.
Schramm, o. and Andreas, ร. Comparing porous and dense membranes for the 

application in membrane reactors. Chem. Eng. Sci. 54 (1999): 1447-1453.

Sheintuch, M. and Dessau, R.M. Observation, modeling and optimization of yield, 
selectivity and activity during dehydrogenation of isobuthane and propane in a Pd 
membrane reactor. Chem. Eng. Sci. 51 (1996): 535-547.

Sherman, J.x and Thomson, W.J., Perovskite-type oxide membranes for the oxidative 
coupling of membrane. AIChE. J. 43 (1997): 2731-2740.

Shigeyuki, บ. and Noboru, ร. Stream Reforming of methane in a hydrogen-permeable 
membrane reactor. App. Cat. 67 (1991): 223-230.

Shu, H.D. and Grandjean, P.B. Catalytic palladium-based membrane reactor. Can. 
Chem -Engng. 75 (1991): 712-72.

Ten Elshof, J.E., Bouwmeester, H.J.M. and Verweeij, H., Oxidative coupling of 
membrane in a mixed-conductive perovskite membrane reactor. Appl. Catal. A. 
130(1995): 195-212.

Tonovich, A.L.Y., Zilka, J.L. and Jeminez, D.M. Experimental investigations of 
Inorganic membrane reactor. A distributed feed approach for partial oxidation 
reaction. Chem. Engng. Sci. 51 (1996b): 789-806.



65

Uemiya, ร., Sato, N. and Anto, N., Stream reforming of methanol in a hydrogen 
permeable membrane reactor. Appl. Catal. 67 (1991): 223.

Ward, T.L. and Dao, T. Model of hydrogen permeation behavior in palladium 
membranes. J. Memb. Sci. 153 (1999): 211-231.

Weyten H, Keizer K and Kinoo A. Dehydrogenation of propane using a pack-bed 
catalytic membrane reactor. AIChE J. 43 (1997): 1819-1827.

Xu, S.J. and Thomson. W.J. Perovskite-type oxide membrane for the oxidative 
coulping of methane. AIChE. J. 43 (1997): 2731-2740.

Yildirim, Y., Gobina, E. and Hughes, R., An experimental evaluation of high- 
temperature composite membrane systems for propane dehydrogenation. J. Mem. 
Sci. 135 (1997): 107-115.

Zaman, J. and Chakma, A. Inorganic membrane reactor. J. Memb. Sci. 94 (1994) : 1- 
28

Zhao, R. and Govind, R. Studies on Pd membrane reactor for dehydrogenation 
reaction. Sep. Sci. Tech. 25 (1990), 1473-1488.

Ziaka, Z.D., Minet, R.G. and Tsotsis, T.T. A High-temperature catalytic membrane 

reactor for propane dehydrogenation. J. Mem. Sci. 77 (1993): 221-232.



APPENDICES



A P P E N D I X  A
S A M P L E  O F  C A L C U L A T I O N  F O R  C A T A L Y S T  P R E P A R A T I O N

The sample of calculation shown below is for 0.3 wt.% Pt- 0.3 wt.% รท- 

0.6 wt.% K/Y-AI2 O3 catalyst. The hydrochloric acid is added to the impregnating 

solution by 5 wt % of the alumina support. The alumina support weight used for all 
preparation is 2  grams.

If  X grams of alumina support is used, so each 100 grams of the catalyst is 

composed of ะ

Platinum 0.3 g
Tin 0.3 g
Potassium 0 . 6 g
Hydrochloric acid 0.05 xX g
Alumina support X g
0.3 + 0.3 + 0.6 + (0.05xX) + X = 1 0 0 g

X = 94.0952 g

The platinum compound is from chloroplatinic acid (H2PtCl6.6H20), whose 

molecular weight is 517.92 and the platinum content in the compound is 37.67 wt %. 

The stock solution of chloroplatinic acid has the concentration of 1 g in 25 ml. of 

water.

The tin compound is from stannous chloride dihydrate (SnCl2 .2H2 0) whose 

molecular weight is 118.69 and the tin content in the compound is 51.02 wt.%.
The potassium compound is from potassium nitrate (K N O 3) where molecular

weight is 101, and potassium content is 38.61 wt.%. The stock solution o f  potassium
nitrate has the concentration 3 g in 25 ml. o f  water.
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Concentration of hydrochloric acid solution is 37 % volume by volume, its 
density is 1.19 kilogram per liter.

The calculation procedures of the amount of each ingredients for the required 

composition of the 0.3 wt.% Pt- 0.3 wt.% รท- 0.6 wt.% K catalyst are as follows.

For two grams of alumina support used ะ

1) Platinum required = (0.3x2)/94.10) g
= 6.37xl0‘ 3 g

Chloroplatinic acid required = 6.37x10‘3X 100x25/37.67 ml
= 0.4232 ml

2) Tin required = 2x0.3/94.0952 g
= 6.376xl0'3 g

Stannous chloride dihydrate required

= 6.376x10'3X 100/51.02 g
= 0.0125 g

3) Potassium required = 2x0.6/94.0952 g
= 0.0128 g

Potassium nitrate required = 0.0128x100x25/(38.61x3) ml

= 0.2763 ml

4) Hydrochloric and solution required

= 2x0.05 g
= 0.1 g

The amount of hydrochloric and by volume
= 0.1/(1.190x0.37) ml

= 0.2271 ml

As the pore volume of the alumina support is 1 ml/g, the total volume of 

impregnating solution that must be used is 2  ml by the requirement of dry 

impregnation method, the de-ionized water is added until the volume of impregnating 
solution is 2  ml as equal to the volume of the alumina pore volume.



A P P E N D I X  B
C A L C U L A T I O N  O F  M E T A L  A C T I V E  S I T E S

The calculation of the number of metal active sites of the catalyst by CO

adsorption at room temperature has the procedure as follows ะ 

Let:

Weight of catalyst used = พ kg

Height of CO peak after adsorption = A unit

Height of 40 pi. standard CO peak = B unit

Amounts of CO adsorbed on catalyst = B-A unit

Volume of CO adsorbed on catalyst = [(B-A)/B](40) pi

Volume of gas 1 mole at 30 °c  = 24.86xl06 pi

Moles of CO adsorbed on catalyst = [(B-A)/B] [40/24.86xl06] mole 

Molecules of CO adsorbed on catalyst

= 1.61x 10"6[{B-A)/B](6.02x 1023) molecules 
9.68x1 o'7 [(B -a ) / b ]Number of metal active sites =

พ
molecules of CO/kgcat-



A P P E N D I X  c
C A L C U L A T I O N  O F  D I F F U S I O N A L  L I M I T A T I O N  E F F E C T

The two types of diffusion resistances which affect overall rate of reaction are 
( 1 ) external  res is tance: diffusion of reactants or products between the bulk fluid and the 
external surface of catalyst, and (2 ) in ternal  res is tance:  diffusion of reactants or 
products from the external pellet surface (pore mouth) to the interior of the pellet. The 
recent procedures of external and internal resistance calculations are summarized by 
Froment e t  al . , (1990), Fogler, (1992) and Levenspie, (1972).

External mass transfer

Let a component A of a fluid reacts on active centers at the surface of a catalyst. 
It is convenient for the present to define a rate based on the interfacial surface area

( rA ), and assume that it is first order:

r ” = K C As (C-l)

The consumption of A at the interface has to be compensated by transport from the bulk 

fluid, the flux of which can be written as

N,=k,  ( c , ~ c j  (C-2)
For steady state, the two terms must be equal. Mass transfer coefficient of A through 
stagnant film of reaction mixture (kg), for which the film theory gives:

K =J^A (C-3)

where k° = mass transfer coefficient for the case of equimolar counterdiffusion

p fA = film pressure factor = —— + J— (C-4)

0 +
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Then, thecorrelation of the mass transfer coefficients can be presented in term of the 

j D factor

k°eM w m 2..
J d = ■ -^ -^ -^ -S c 2n

J J ^ P j L S c ™  _ /(Re) (C-5)

Calculation data

Reactant = 3% Propane/Nitrogen
Temperature = 773 K
Pressure 1 0 5 Pa
Feed flow rate =  1 X 10‘ 6 m3/s
Catalyst diameter 0.214 xlO ' 3 m
Catalyst weight 0.2 X 10' 3 kg
Catalyst density 1500 kg/m:
Conversion 30 %
Feed composition

Species fraction
Propane 0.03

propylene 0

Hydrogen 0.03
Nitrogen 0.94

Propane molar flow rate (FA0 ) 1x10^x0.03 
82 X 10“ 3 X 303

1.2x1 O'"9 kmol/s

Propane mass flux(G) 1.2x1 O' 9 x44 = 1 .8 8 x 1 0 "
7T X .\

0.006

External surface area per catalyst particle = ;r(2.14x 10“4)' =1.44xl0 " 7

Weight per catalyst particle _ ท(2.14x1Q-4)3 x1400 _= 7.29x10 - 9

External surface area per weight catalyst ( a m ) =  ̂ x ̂   ̂ -  1 9  97 .2 9 x 1 0 - 9

kg/m2s

m2/particle

kgcat/particle

m2/kgcat
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Composition o f the reaction m ixture

Propane: y«,(I-X)r _ 0.03x(l-0 .3 )x l05 = 2.05 X 103 Pa
1+ y ^ x  r 1 + 0.03x0.3

Propylene: yA o i® B + x ) p  _ 003- '03 ,10- = 8.91x1 O2 Pa
1+ y  a o x

1 + 0.03x0.3

Hydrogen: y AO( ® c + x ) p  — 0.03x(l + 0.3)..10, = 3.89 x io 3 Pa
1+ yAox 1 + 0.03x0.3

Nitrogen: yAQ® , p 0.03x31.33 1 - ------ —------ x io = 9.31 X 104 Pa
1 + 1 + 0.03x0.3

Estimation o f viscosity

Use the Lennard-Jones potential:

_ , 1. _5 - j M w T  = 2 .66 9 ,1 0  + ^ +

Species Mw a s/K Q P ix l0 7[kg/m *s]

Propane 44.09 5.11 237.1 0.928 2.027
Propylene 42.08 4.67 298.9 0.999 2.202
Hydrogen 2.01 2.87 59.7 0.718 1.836
Nitrogen 28.02 3.79 71.4 0.734 3.710

Viscosity, molecular weight, density o f gases m ixture

n m = Y ^ y ip i =  (2.05x1 O’2 X 2.027xl0’7) + (8.91xl0"3 X 2.202xl0'7) +
i=1

(3.89x1 O'2 X 1.836xl0"7)+ (0.93 X 3.710xl0'7) 
= 3.59xl0'7 kg/m.s

M w m = Ÿ j y iM w i = (2.05xl0'2x 44.09)+(8.91xl0’3x 42.08)+

(3.89x10‘2 X 2.01)+ (0.93 X 28.02) 
= 27.46 kg/kmol

_ M w ,Tq 
P m =  y ^ T

28.206x273
22.4x773

kg/m 30.44



73

Diffusion coefficients

For the correlation of Fuller-Schettle-Griddings:

D  _ 10-3 T U5( l /M w l + 1 / M w2) U2
r r f e y y + { L r ‘) n t

No. Species Diffusion volume of 
molecule

Binary diffusion coefficient of 1 
in other species x io 5 [m2/ร]

1 Propane 65.34 -

2 propylene 61.38 3.88
3 Hydrogen 7.07 23.31
4 Nitrogen 17.9 6.26

Diffusion coefficient o f component i in reaction mixture

im
y k + y j

ท )

DAm =

v l - l

l + y A
Z b ± Z a  1 y c  + y A I -V/

AB 'AC 'AI

1 f  8.91xl0'3+2.05xl0~2 3.89xl0'2+ 2.05xl0"2 0.93 Y

l + 2.05xl0~2[  3.88xl0"5 1 23.31xl0~5 1 6.26xlO~5J
= 6.29x1 O'5 m2/s

Schmidt and Reynolds number

Sc = Mm 3.59 X  10~7
° mD Am 0.44x6.29x10 '5

Re = d p G 0.214xl0“3 xl.88xl0~3
3.59xl0~7

= 1.32xl0'2

= 1.13

Since Re<190, the following jo(Eq.C-5) correlation should be used: 

j D =1.66(Re)“°-sl = 1.66(1.13)'°51 = 1.56

Reaction rate constant is used in the simple form:

F tnx  1.2x 10~9 X0.3
rA =■

AO
พ ,.

=  1 .81x10 -6 kmol/kgcat ร
0 .0 0 0 2
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Now the partial pressure drop can be calculated. Assuming that A p A = 0, the film 

pressure factor for a reaction (Eq.C-4) becomes:

p fA = p T + S Ap A = 1+2.05x1 O'2 =1.0205 bar =1.0205x1 o5 Pa

Ap A = ^ »  ( S c f "  =  L ^ : 10̂ 2^ XLQ2Q5( l3 2 x lO - r  a mG j 0 19.9xl.88xl0~3 xl.56 v ’
= 4.84x1 O'5 bar

Substitution of this estimate for Ap A in Eq. C-4 , written in terms of partial pressures

P fA ,  2  =
4.48x10 -5

๒(1.0205/1.0204)
=1.0207

The new estimate for the film pressure factor may be considered sufficiently close 

to the starting value 1.0205, so that no further iterations on AP A.

Summary
The partial pressure difference of propane between catalyst surface and bulk fluid 

for kinetic study and membrane reactor studies are shown in Table C-l and C-2, 
respectively.

Table C -l Partial pressure difference of propane between catalyst surface and bulk gas 
of 3% propane at 773 K and GHSV 12,700 h'1: kinetic study condition.

Feed molar flow rate X  1 0 7

(m3/ร)
Propane partial pressure difference 

(%)
2.5 0.467
5.0 0.339
7.5 0.278
10.0 0.242

Table C-2 Partial pressure difference of propane between catalyst surface and bulk gas 
of 3% propane at 773 K and GHSV 90 h'1: membrane reactor study 
condition.

Temperature (K) Propane partial pressure difference 
(%)

723 0.0689
773 0.0773
823 0.0846
873 0.1014
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Internal mass transfer

Considering the simplest case of the first-order reaction, equimolar 
counterdiffusion isothermal conditions and the simplest geometry of a slab of catalyst 
when the y-coordinate is oriented from the center line to the surface, the steady-state 
diffusion equation is

„  d2CA
eA. dy2

— kw p sC  A = 0

With the boundary conditions

C a (Lp ) =  C sa at the surface

dCA0) 0

dy
The solution of Eq.C-6 is

at the center line

£ < w  =
c  A

cosh k p - r
\ D eÂ

cosh^ \ k p - L
D eA

Thiele (1939) who defined the effectiveness factor:

_ rate of reaction with pore diffusional resistance 
rate of reaction with surface condition

Thus, the actual reaction rate that would be observed is

t a L  =  ๆ rAC'A

(C-6)

(C-7)

(C-8)

From the solution of above differential equation (concentration profiles) and the 
definition of effectiveness factor, the effectiveness factor w ill be obtained:

_ tanh^' (C-9)

where (j)' is Thiele modulus = L^Jkps D eA (C-10)
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From Eq.C-9 and C-10 leading to:

ta P ,  =  ๆ ๆ J D 'AC a

I f  all the directly observable quantities are put on the one side of equation:

^ C ' L =T]0 2 = °  (C -ll)

From the effectiveness factor versus Thiele modulus curve (Figure C-l), The following 
condition are obtained

1. F or(j)« l,ๆ=1 (no pore diffusion limitation), and so

R.H.S. = <f)2« l

2. For <เ)»1,ๆ =1/<|) (strong pore diffusion limitation) and so

R.H.S. = l/(j) X (J>2» 1

Thus the criterion for negligible pore diffusion limitation is

q> = (rAPs)obSL < < t

In this case, three types of catalyst sizes of 60/80, 200/250 and 250/325 were used 

to determine the values o  as shown in Table C-3. From the result, it was found that the 

effect of internal mass transfer for all catalyst size could be ignored.

Table C-3 Diffusional limitation term (<t>) on different catalyst size of 3%propane 
at773K and GHSV 12,700 h’1

Catalyst size 
(mesh) 60/80 200/250 250/325

o 1.42 X 1 O'4 1.35 X 10’5 8.20 X 10‘6
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Figure C -l Effectiveness factor for slap (P), cylinder (C) and sphere (ร) as function of 
the Thiele modulus (Froment, 1990).



APPENDIX D
DETERMINATION OF REACTION RATE CONSTANT

A ssu m in g  p lu g  flo w  and steady state condition , the m aterial balance o f  a p lu g  
f lo w  reactor can be m ade as fa llo w s

CD-I)F J z  — F ,I Z+A Z = rA ^ c ^

dF±
dV -r„

Eq. (D -2 ) can be rearranged u sin g  o f  cata lyst w eigh t as a basis to obtain.

& A
dw =  -r'

w here FA = FA0 ( l -  x )
or dFA =  -F A0d x  then E q .D -3  b eco m es

dX

\^AO )

(D -2 )

(D -3 )

(D -4 )

For the w h o le  reactor the exp ression  m ust be integrated. N o w  Fao, the feed  
rate, is constant, but r'A is certainly dependent on the partial pressures or conversion .

พ,.

AO
(D -5 )

In this case , the rate o f  reaction is  assum ed to be a in s im p le  form  w ith  kapp as 
reaction rate constant based o f  catalyst w eight.

r A  =  k a p p Pc,Ht PC)H6 P h2 (D -6 )
eq y
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Table D - l C om p osition  o f  the reaction m ixture:

S p ecies F eed  rate C hange rate E ffluent rate Partial pressure

Propane Fao -  FaoX F X - x ) yM(! - * ) „  
1+ y Mx  r

P ropylene ®  b F A O FaoX ^ ( ๑ » + * ) y Ao(®B + x) p  
1+ ฟ ’ r

H ydrogen 0  F
y y C r A O FAOX Fao(&c + X) F7io(®c + x) p

1 +yMx  T
N itrogen 0  F^ I r  A O - ® ] F A o

y X - x ) r
1 + ฟ ’ r

From  the sim p le  rate ex p ressio n  and the com p osition  o f  the reaction m ixture  
as sh ow n  in T able D - l ,  the rate constant b ase o f  catalyst w eigh t, kapp,

dXk =  Faoapp w
' '  ร*รit f PM(l-X ) Pao\®,+XX®c+X) 

1 + yMX (l

can be obtained: 

(D -7 )

e q



APPENDIX E
DETERMINATION OF EQUILIBRIUM CONSTANT AND 

EQUILIBRIUM CONVERSION

D eh yd rogen ation  o f  propane is an equilibrium  lim ited  reaction. The m axim um  
extent o f  certain reaction is govern ed  by therm odynam ic equilibrium . M axim um  
con version  o f  the propane to  propylene is calcu lated  at g iv en  operating tem perature, 
pressure and feed  com p osition  according to the law s o f  therm odynam ic.

E quilib rium  constant

C om bination  Eq.E-1 and E -2 , w e  see  relation betw een  free en ergy  and enthalpy o f  
reaction:

The enthalpy o f  reaction at any tem perature can be w ritten in the term  o f  enthalpy o f  
reaction at reference tem perature and heat capacity, E q .(E -5).

Standard free en ergy  change can be exp ressed  as:

(E - l )
l  dT J

w here AS0 -  — — (E -2)

(E -3)dT

RT2 RT

(E -4)

w here c'p - A  a + A bT + AcT2 + A dT (E -5)
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T he exact form  for the dep en d en ce o f  the free energy o f  reaction on  tem perature is ะ

rf ^ ๙  = __L f  AH°JT
J RT R 4 ! 9 8  T2

2 9 8  i v  1

(E -7)

Substitute E q .E -4 , E -5 and E -6  in E -7 and the integrated result are obtained:

AG° = £ 1 -A aln T  ~ ^ - T 2 T 3 - ^ - r 4 -  B2RT (E -8)

w here 5 , =  A / / 798 -  (a a X  2 9 8 ) - ~ x 2 9 8 2 _ —  x 2 9 8 3^\ 2  y l  3 ) l  4  J
B2 =  — f -^ — AaIn 2 9 8 -  —  X 2 9 8 - —̂ -x2 9 8 2 - ^ x 2 9 8 3 -^ $»* . R ^ 298  2 6 12 298

Table G - l  H eat o f  form ation, free energy o f  change at reference state (2 9 8  K ) and  
heat cap acity  param eters.

S p ecies A # 2°98 
[k cal/m ol]

AG2°98 
[kcal/m ol]

a 6 x l 0 2 c x i o 5 < /x l0 9

Propane -2 4 .8 2 0 -5 .6 1 4 -0 .9 6 6 7 .279 -3 .7 5 5 7 .580
P ropylene 4 .8 7 9 14 .990 0 .753 5.691 -2 .9 1 0 5 .880
H ydrogen - - 6 .4 2 4 0 .104 -0 .0 0 7 8 -

A 2 9 .6 9 9 2 0 .6 0 4 8.671 -1 .6 3 4 0.941 -1 .9

From  E q.E -8 and data in T able E - l ,  the standard free energy ch an ge o f  propane  
dehydrogenation  reaction  at 773 K  can be obtained.

A G 7°73 = 5243  cal/m ol

A t constant tem perature 
and equilibrium  constant

A Gy 7,

and pressure, the relationship b etw een  free energy change  
is:
= -RT In K  (E -9)

Thus, K = e
5 , 2 4 3  >

1 . 9 8 7 x 7 7 3 J (E -10)

=  0 .0 3 2 9
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At constant temperature and pressure, the equilibrium constant is defined as
K = E b w  -p °  (E-11)

The operating condition in this study is at 773 K, atmospheric pressure {<j)u1' « 1), and
V=T. Thus in this studies, the equilibrium constant for propane dehydrogenation can 
be reduced to:

6 y H2 p

Tc,h.
(E-12)

Substitution fraction of each species from Table D -l to Eq.E-12, the equilibriun 
constant in term of equilibrium conversion and feed properties are given:

^ o k + * J ® c

ฟ ' , , )
K  = (E-13)

Equation E-13 are used to calculate the equilibrium conversion and the result 
of free energy change, equilibrium constant and equilibrium conversion at any 
operating temperature and feed composition are shown below.

Table E - l Free energy change, equilibrium constant and equilibrium conversion at 
some operating temperature and feed composition

Temperature
[K]

A G° 

[cal/mol]

Equilibrium 
constant (K)

Equilibrium conversion (Xeq)  [%]
3 % 20% 50%

723 6898 8.21e-3 40.50 18.61 12.36
773 5243 3.29e-2 63.71 34.05 23.70
823 3584 1.116e-1 82.25 53.57 40.07
873 1925 0.3296 92.43 72.29 59.10



APPENDIX F
HYDROGEN PERMEATION MODEL

A set of differential equations for the permeation of แ 2 through a Pd 
membrane can be derived in both shell and tube sides of a reactor with the assumption 
shown in Figure F-l, the mass balances can be performed as follow.

M ateria l balance

Figure F - l Packed bed reactor

Assumption:
• Steady state operation
• Isothermal operation
• Negligible pressure drop in packed bed
• Negligible radial diffusion effect

S h e l l  s i d e :

A steady state mol balance on hydrogen species in the reactor segment between z and
z + Az is:

f h  I z -  F h  IZ + AZ = 2ttt2AZJh (F-1 )
Sieverts’s law is used to describe the H2 transport through the Pd film. Consequently, 
the H2 flux is:

J h (F-2)
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From  the m aterial b a la n ce(E q .F -l) and S iev erts’s law , a differential equation (E q .F -3)
can be obtained  and can be, further, converted  to a d im en sion less  form  (E q.F -4):

w here

K  =

c  =

dFl

Ph 
Pt,0

P h 
pS
r T, 0

27โrาL^

it
s*

dL

pS
r T f c
pS 
1 T, 0
PTr T

kK
( c

pS 
r T, 0 W h

= - c a

2nr2a Hl f p [

+ ® ;

/
7ร

Fs,1 H, 0
®H =

H ,  0

o l  =
f tr  H

H, 0

(F -3 )

(F -4)

Tube side:

U sin g  sim ilar m anner, the fo llo w in g  equations for the tube sid e can be obtained.
?T\H z Fh I Z + A Z = ~{Fh I Z  ~  F 11 1 2 + A Z  ) (F -5)

dFl dFÏH (F -6)dz dz
d(ร) r„ d®„ (F -7)dL dL

T he d im en sio n less  m olar f lo w  rate o f  บ 2 in tube side, <t>rH, can be derived in  term  o f  
d im en sio n less  m olar f lo w  rate o f  แ 2 in  tube side.

C ’ d K  = - f W „

< = ( l - O s„ )  (F -8)
E q.F -4 and F-8 w ere used to  sim ulation  com pared w ith  experim ental data to  
determ ination o f  hydrogen  perm eability  co effic ien t (a n )  o f  E q.F -4



APPENDEX G
MEMBRANE REACTOR MATHEMATICAL MODEL

A  sch em atic  representation o f  the m em brane reactor u sed  in  the d evelop m en t  
o f  the m athem atical m od els is  g iven  in  F igures G -l and G -2. T w o  m em brane reactor 
m od els w ere con sid ered  n am ely  m od els w ith  and w ithout radial e ffec t. D eta ils  are 
d iscu ssed  as fo llo w s .

A . P lu g  f lo w  m o d e l

dz: i

t

r i
h
r3

Fi \  Fi

h 2

T  

<—
F  II F . \1 i IB + A Z  1 i Z+AZ

->i

A ssum ption:
•  Steady state operation
•  Isotherm al operation
•  N eg lig ib le  therm al and concentration  

gradients in  the cata lyst p ellets.
•  N eg lig ib le  radial d iffu sio n  effect.

F ig u r e  G - l  Sch em atic  diagram  o f  m ass balance o f  p lu g  f lo w  m od el.

S h e ll  s ide  ะ

A  steady state m ole  balance on product i in the reactor segm en t b etw een  z  and
z + Az is:

J แ 2 ท } ■2 ร Z  - V 1p c11/ a A sc S Zi \z ~ r  i Z+AZ

w here J H = a H (1/ ^ "  -  J p Î  

then; =  v,. p ca1 Asck Pc^HbP H1 - 2m-2a  11
eq y

(G - l)

(G-2)

(G-3)
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Dimensionless form:
Eq.G -3 can b e con verted  to a d im en sion less  form  by basing m olar f lo w  rate o f  

sp ec ies i and bed length  w ith  in itial total m olar on sh ell side and total bed lengh, 
resp ectively .

๘ปี);
~dL =  c

S > J s ®C,HS
® C , H  ®  H  2

(f tsk J p s ) '  c ร , 2 a i
ปี) SHPS

f T
K P ‘ (G -4)

The pressure gradient dP/dz along the catalyst bed is calculated according to the Ergun 

equation

^ .  =  - 150^ . ^ ฟ ้ - ! . 7 5 ^ - f i p d

Tube side :
Sim ilarly, the fo llo w in g  equation for the tube side cou ld  be obtained:

Fj \ z - F ,  | z + a z  =  “ • ^ / / 2 ^ r 2 A Z

= 2nr2a H (v î t  -  )
Dimensionless form:

~dL =  c  ร ,  2 a H

ปี) SHP S K p t

[ v  Ft \  Ft )
The dimensionless and constant terms are shown below.

of = —
1 i . o

c s 1 =  l0A ?sp k P S ,

of = F

F/, 0

2/rr
c ร.2 = -

2 0

T.o

F, . Fr
FT,0

(G -5)

(G -6)

(G -7)
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B . R a d ia l f lo w  m o d el

J.iz  I z

A ssum ption:
•  Steady State operation
•  Isotherm al operation
•  N eg lig ib le  pressure drop in catalyst 

bed
•  N eg lig ib le  therm al and concentration  

gradients in  the catalyst pellets.

F ig u re  G -2  Schem atic diagram  o f  m ass balance o f  radial d iffu sion  m odel.

M ole  B alance
M o le  balance on product i in the reactor segm en t b etw een  z  and z  +  Az, r and r 

+ Ar, 9  and 9  +  A 9, is:

rAr A = rArA e { j  1212- J  1212+A2) +  ArAz(.J 1010 - J  101 e+A,  ) ■+  A 0Az(rJ 1r I r -rJ  1r I r+Ar ) +
rArAOAzr4 (G -8)

then partial d ifferential equation w ill be obtained:
_ X , = } _ s M  + ̂ + Ŝ _  ,0 .9,dt r dr r dd dz A

ท

In th is case , the d iffu sion  in z-com p on en t is ignored, then J12 = y iY jJi = C ,.“ '(G -1 0 )
/=1

and con vection  in r-com ponent is ignored, then Jjr =  -sD im — -  (G -12)dr
Substitution E q .10 and E q .l 1 in E q.9  a general partial d ifferential equation at 

steady state condition  is:
1 dC, d c,
r dr d r:

- r A
dz 7

(G-13)
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A  general partial different equation  (E q .G -13) is u sed  to  apply  on  m em brane  
reactor system , P D E  and its boundary con d ition  are:

S h e ll  s ide

d C .u ' s 
— —  =  eDfm 

dz

dCL + d 2C ^
r  d r  d r

+ V iP cJ,a p p

/
Pc,Ht

Pc 1แ6 P h1

êq y

B.c. ะ z = 0;C, =C ,.0
ÔC, a

= "2;“ôT = 7 d [ บ pS" เ ^  - M U )
de.. „

T ub e  s ide

dC : น '

dz

B.C.

=  D .
(  1 d e 1. d 2C  ^

r  d r  d r

z = 0;C,. =c,. 0 
d e

r  -  r n :

=r,:"&L=๘!£{ ^ " เ̂  ~ l'-O

(G-14)

(G -15)

Dimensionless form

The set o f  partial differential equations in E q.G -3 w a s converted  to  
d im en sion less form  by basing m olar f lo w  rate o f  sp ec ies  i and bed length  w ith  initial 
total m olar on  sh ell s id e and total bed lengh, resp ectively .

S h e ll  s ide

cOS
h n s p s

1 d Ô2 ' o p bร,2Ui F o f  „  o fร c3/y6 112■ 0 p 1 L/ ' 1
c Z  s'' '๓ R s -  R *  dR I f / J + ÔR2 I f / J F sI  7 C' H' ~  K eq F j  / P s

B.C. : 1 = 0; o f  = (ร>*0 { 0 < R < l )

R s = 0 ; 

R 5 =  1;

ÔR

d_
~dR

o f  ̂  

J p j, 

^ O fN

a  5 ,a,

D ? p s

= 0

O f? / IQ [ ร ิ/
f t

(G -16)
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T u b e  s ide

น p T  p S 1 <? f o r  ไ f o r  Y
 ̂ / ,1 t/woL

È-* o
o

f

;

1 ÔR1 [ พ ้) \

B.c. : L  =  0;

Rr  = 0;

O r = o f (0 < R < 1)

R ' =1; -= T  =

(G-17)

The dimensionless and constant term in Eq.G-16 and G-17 are:

Ft

P Tr T

aร,!

K  .=

F,s FT -  r ‘
F°o

i 1

o
 ^

Ft F tp T  _  r T

F s1 Tt 0
1 T ~ F s J r ,0

1 1̂ 
*■*

PTS =
p s

pS
r 0

X J pSM)
l 0A sce (  p s ไ 2 ro

{ ^ - f Y นs p s \ u o r o y

(r3 ~ r i i f ? r
/'■'TO

*w ,0

r r,0 = T T " 
*Y,0

f j  = 5 °
r '° F s„-1 7\0

ร.2 = SPeaMo^c
ไr T 0 l 0A Tc e (  f t ไ * ro

นsc s\ U0^T,0 ^ T1 =  ( n - r J 2/  prV w0 M> y
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Abstract

The performance of three catalysts, namely Pt/y-Al2 C>3 , Pt-Sn/y-A^Ch and Pt- 

Sn-K/y-Al2 0 3  for dehydrogenation of propane is discussed. A ll catalysts are found to 

be highly selective towards propene. Pt-Sn-K/y-Al2 0 3  appears to be the most stable 

and suitable catalyst for the dehydrogenation of propane. Pt-Sn/y-A^Cb is also found 

to be superior to Pt/y-Al2 0 3 . In the kinetic study, the reaction rate constants based on 

the number of active sites are calculated from the apparent reaction rate constants and 

the number of metal active sites. The reaction rate constants for Pt/y-Al2 0 3 , Pt-Sn/y- 

AI2 O3 and Pt-Sn-K/y-Al2 0 3  catalysts at 773 K are 0.48x1 O'28, 0.67x10‘28 and 2.98x10' 

2 8 mol/(site.s.Pa), respectively. In addition, for Pt-Sn-K/y-Al2 0 3 , the frequency factor 

and the activation energy are 6.14x1 O' 2 4 mol/(site.s.Pa) and 62.7 kJ/mol, respectively.

Introduction

The concept of membrane reactor has shown high potential for applications in 

the fields of biological and chemical reaction engineering during the past several 

decades. One of the major applications of membrane reactors is overcoming an 

equilibrium conversion by combining reaction and separation in a single unit 

operation. The dehydrogenation of propane to propene is one of the reactions of 

interest in this type of application. A number of researchers have studied this reaction 

using various types of membrane materials and catalysts. Sheintuch and Dessau 

(1996) used a Pd/Ru (or Pd/Ag) membrane reactor packed with a supported Pt 

catalyst. They found that the yield was limited by deactivation of the catalyst due to 

the low partial pressure of hydrogen in the reaction side. Weyten et a l. (1997)



93

investigated the system using H2-selective silica membrane with a chromia/alumina 

catalyst, and found that the propene yield was at least twice as high as the value 

obtained at thermodynamic equilibrium in a conventional reactor. Yildirim e t al. 

(1997) evaluated the relative performance of three composite membranes; namely 

Pd/Ag, silica, and Pd-dispersed porous membranes. They found that the dense Pd-Ag 

composite system possessed higher performance levels. However, metal-dispersed 

porous systems had advantages due to their significantly higher contact surface-to- 

volume ratio.

Although significant research has been carried out in this area, there is little 

effort to investigate the reaction rate constants of propane dehydrogenation. This 

study is focused on kinetic determination for the dehydrogenation of propane. Three 

catalysts, namely Pt/y-AbOa, Pt-Sn/y-AhOs, and Pt-Sn-K/y-AhCh were tested to find 

out the catalytic performance and the reaction rate constants were determined. These 

data are useful in the modeling of the dehydrogenation of propane in the membrane 

reactor.

1. Experiment

1.1 Catalyst preparation

0.3%Pt/y-Al2O3 catalyst was prepared by impregnation of a y-alumina 

support.

y-Alumina (produced by Sumitomo Alumina Smelting Co., Ltd., Japan) was ground 

to the desired mesh size, and then impregnated in a solution of chloroplatinic acid
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dissolved in de-ionized water. The catalyst was heated at the rate of 10 K per minute, 

and calcined at 773 K for 3 h. 0 .3 %Pt-0 .3 %Sn/y-Al2 0 3  catalyst was prepared by 

using an impregnation solution with mixtures of chloroplatinic acid and SnCb 

dissolved in de-ionized water. 0 .3 %Pt-0 .3 %Sn-0 .6 %K/y-Al2 0 3  could be made by re­

impregnation of the calcined 0 .3 %Pt-0 .3 %Sn/y-Al2 0 3  catalyst with potassium nitrate 

solution.
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1.2 Carbon monoxide chemisorption technique

The metal active sites of fresh and used catalyst were measured using a 

carbon monoxide chemisorption technique whose concept is based on the assumption 

that one molecule of carbon monoxide adsorbs onto one metal active site (Burch e t 

a l ,  1994). Measurements were made using a pulse method. This technique involved 

pulsing a known volume of carbon monoxide over a catalyst sample at room 

temperature. The carbon monoxide that was not adsorbed was measured using a gas 

chromatography with a thermal conductivity detector. Pulses were continued until no 

further carbon monoxide adsorption was observed. The quantity of carbon monoxide 

adsorbed by the catalyst sample could then be calculated and hence the amount of 

metal active sites obtained.

1.3 Experiment
Dehydrogenation of propane was carried out in a micro reactor installed in a 

furnace with a temperature controller. The reactor was a quartz tube reactor whose 

inner diameter was 6.35 mm. The catalyst was packed in the middle of the quartz 

tube. Hydrogen gas was used to reduce the catalyst for 1 h, and then argon was used 

for purging hydrogen. The feed gas supplied by Thai Industrial Gases Limited was 

mainly a mixture of 3% propane in nitrogen. The experiment was performed at 773 K 

unless otherwise specified.

2. Kinetics
The rate equation for the dehydrogenation reaction can be expressed in the
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following simple form

_  £ P aqO - ~ ^ a ) (P bo +  P ao-X a )(P co +  P ao- ^ a ) 
app{ ( l  +  y A0X A) (1 + y AoX A) 2K (1)

By assuming a plug flow reactor, the apparent rate constant kapp can be determined as

The equilibrium constant, K  can be calculated from Gibb’s free energy data at 

different temperatures and correlated as the following expression.

3. Results and discussion

3.1 Comparison between catalysts

A set of experiment was carried out to compare the performance of Pt/y-Al2 0 3 , 

Pt-Sn/y-AhC^, and Pt-Sn-K/y-Al2 C>3 catalysts. The conversion and selectivity to 

propene were measured as shown in Fig. 1. The propane molar flow rate was fixed at 

6.24x10"7 mol/s, and the catalyst weight was 0.1 g.

A ll catalysts are highly selective towards propene, and the selectivities are higher 

than 95%. In addition, the conversions of all the catalysts decrease with time on 

stream, and reach the asymptotes after 120 min. Deactivation may be due to coke

(2)

K =  1.76xl012exp(-15,521/7)
(3)

formation on the catalyst. The addition of รท on Pt/y-Al2 0 3  catalyst improves the
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conversion of Pt/y-Al2 0 3  catalyst. This can be explained by the ensemble effect in 

which the addition of รท results in an increase in Pt dispersion and, hence, the 

stability of the catalytic activity is improved from the reduced amount of coke 

depositing on the metal active sites (Barias e t a l ,  1996; Krishnamurthy 1998). 

Moreover, the addition of รท can improve the selectivity to propene due to blocking 

or poisoning of acid sites on the support (Barias e t a l ,  1995). Figure 1 also shows that 

Pt-Sn-K/y-AbC^ catalyst gives the highest conversion. This may be explained by 

three reasons, i.e.; (1) alkali metals such as potassium enhance hydrogen spillover on 

the catalyst surface; (2) alkali metals reduce the amount of coke depositing on the 

active sites (Praserthdam e t a l ,  1997); and (3) alkali metals neutralize the acid sites of 

the alumina support (Demiguel e t a l ,  1995).

3.2 K inetic studies

As preliminary experiments, operating conditions where the resistances of 

external mass transfer and internal mass transfer are negligible were searched to 

obtain intrinsic kinetics. In this study, only Pt-Sn-K/y-AhCf-) catalyst with the highest 

activity was tested. To investigate the effect of external mass transfer on the 

conversions, the experiment was carried out by using the same value of time factor, 

W /F \ ' 0  = 160 s.kg /mol and the catalyst mesh size of 60-80 mesh. The feed flow rate 

was varied between 2.5-10.0 X 10‘7 m3(STP)/s. The resistance of external mass 

transfer could be neglected when the feed flow rate was higher than 7.5x1 O'7 m3 

(STP)/s. Another set of experiment was carried out to investigate the effect of internal 

mass transfer on conversion. Three ranges of catalyst sizes, 60-80, 200-250 and 250-



98

325 meshes, were tested under the same operating conditions such as the catalyst 

weight of 0.1 g, operating temperature of 773 K, and propane molar flow rate of 

9.63x10"7 mol/s. The resistance of internal mass transfer was negligible for the 

catalyst size smaller than 60-80 mesh.

In order to determine the reaction rate constants, it was assumed that the decrease 

of catalyst activity was due to the formation of coke on metal active sites, and that the 

dehydrogenation of propane reached steady state within seconds (Larrson e t a l., 1997, 

1998). The experiment was carried out using 0.1 g of catalyst. The operating 

temperature was 773 K and the propane molar flow rate was 9.63x1 O' 7 mol/s. Table 1 

summarizes the number of metal active sites of fresh catalysts and those of used 

catalysts after 3 and 120 min together with their corresponding conversions. The 

apparent reaction rate constants, kapp (calculated from Eq. (2)) at 3 and 120 min 

reaction times on stream are also presented in Table 2. It should be noted that the last 

column in Table 1 also provides some insight into the superior stability of the Pt-Sn- 

K/Y-AI2O3 catalyst by comparing the ratio of the metal active site of spent catalyst at 

1 2 0  min (the values at the asymptotes) and of fresh catalysts, Nsite,120 min /Nsite fresh- It is 

clearly seen that the value of Pt-Sn-K/y-AECE catalyst is higher than the others. In 

other words, deactivation of the Pt-Sn-K/y-Al2 0 3  catalyst is less than the other 

catalysts.

The reaction rate constants based on the number of active sites, ksite, is defined 

as follows.

ksite ~kapp/Nsiie (4)
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The values of the reaction rate constants, ksite , can be determined from the 

number of available active sites, N sile in Table 1 and are also presented in Table 2. The 

average reaction rate constant of Pt-Sn-K/y-Al20 3 ( k s i t e . a v e a g e  = 2.98x1 O'28 mol/ 

(site.s.Pa)) is higher than those of Pt-Sn/y-Al2 0 3  (0.67x10'28mol/(site.s.Pa)) and Pt/y- 

A120 3 (0 .4 3 x 1 0'28mol/(site.s.Pa)). This implies that the presence of รท does not 

significantly alter the strength of the metal active site while the presence of potassium 

increases the strength. This phenomena was also addressed previously by Demiguel 

(1995), where it was found that the addition of alkali metals produced a modification 

of the characteristics of the metallic phase which involved an electronic modification 

of the metallic phase.

To confirm the value of reaction rate constant of Pt-Sn-K/y-Al20 3, one 

experiment was carried out using the same conditions except for a 20% mixture of 

propane in nitrogen. The obtained reaction rate constant of 3.08xl0'28 mol/(site.s.Pa)) 

agrees well with that of 3% propane (2.98x1 O'28 mol/(site.s.Pa)).

To complete the kinetics for Pt-Sn-K/y-Al20 3 the reaction rate constants were 

determined at different temperatures from 723 to 873 K. The obtained results fit very 

well with Arrhenius’s equation as shown in Fig. 2. The following expression can be 

determined.

ksite =  6.14x1 O'24 exp(-7,545/7) (5)

The activation energy was 62.7 kj/mol.

Conclusion

The performance of Pt/y-Al20 3, Pt-Sn/y-Al20 3 and Pt-Sn-K/y-Al20 3 catalysts 

were investigated. A ll catalysts exhibit the selectivity towards propene higher than
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95%. Pt-Sn-K/y-AhC^ appears to be the most suitable catalyst for dehydrogenation of 

propane. The reaction rate constant based on the number of metal active site for Pt/y- 

AI2 O3 , Pt-Sn/y-Al2 C>3 and Pt-Sn-K/y-Al2 0 3  catalysts at 773 K are 0.43x1 O'28, 0.67x10" 

2 8 and 2.98xl0"28 mol/(site.s.Pa), respectively. Arrhenius’s equation can be determined 

by changing temperatures.
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Nomemdature

FAo feed flow rate of propane [(mol/s)]

kapp apparent reaction rate constant [mol/(kg.s.Pa)]

ksile reaction rate constant based on active site [mol/(site.s.Pa)]

K  equilibrium constant [Pa]

Nsite number of active site [site/kg]

Pi partial pressure of component i [Pa]

-rA rate of reaction [mol.kg"1.ร"1]

พ  catalyst weight [kg]

X A reaction conversion [-]

y to initial mole fraction of component i in the feed inlet [-]

Subscript

A propane

B propene

c hydrogen

0 condition at feed inlet
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Figure Captions

Figure 1 Conversion and selectivity with time on stream 

F A,0 -  6.24x1 O' 7 mol/s, r=773 K, JV = 0 .1  g 

yAfi =  0.03, / ? A ,0=  3039 Pa, p  B , o =  Pc,0 = 0 Pa 

Figure 2 Arrhenius plot for Pt-Sn-K/ y -AI2 O3
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F ig .  1 C o n v e r s i o n  a n d  s e l e t i v i t y  w i t h  t im e  o n  s t r e a m  

F \ o  =  6 . 2 4 x 1  O '7 m o l / s ,  T =  7 7 3  K ,  I F  =  0 .1  g  

y Z o > P A ,o  =3 0 3 9  P a , p B 0 = p c '0 =  0  P a
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T a b le  1 V alues o f  Nsite fresh, Nsite.3min, Nsite,120 min and conversions at 3 and 120 m in  fo r 

three catalysts

Time 0 min 3 min 120 min

Nàte.fieshXlO'21 Conversion Nsite,3 rninXlO'21 Conversion Ngite, 120 min X10 Nsite,120 ทน่ท/

Catalyst [site/kg] [%] [site/kg] [%] [site/kg] Nsjte,fresh

Pt/y-Al20 3 29.0 17.0 12.5 1.5 1.33 0.046

Pt-Sn/

Y-AI2O3

18.2 17.1 8.2 1.8 0.82 0.045

Pt-Sn-K/

Y-AI2O3

5.24 29.8 3.6 6.7 0.67 0.128

T a b le  2 V alues o f  kapp and ksite fo r  three catalysts

Time 3 min 120 min

kapp,3 min x io It v1 ก28ŝite,3 min kapp, 120 min x l 0 Kite, 120 min x 10 ksite,average x io

Catalyst [mol/(kg.s.Pa)] [mol/(site.s.Pa)] [mol/(kg.s.Pa)] [mol/(site.s.Pa)] [mol/(site.s.Pa)]

Pt/y-Al20 3 5.3 0.42 0.59 0.44 0.43

Pt-Sn/y-Al20 3 5.7 0.70 0.54 0.64 0.67

Pt-Sn-K/y-Al20 3 11.0 3.09 1.9 2.86 2.98
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Abstract

The study consider the dehydrogenation o f  propane in  a palladium membrane 
reactor. The study was divided into 3 main parts: the kinetics study o f 0.3 wt%Pt- 0.3wt%Sn-
0.6wt% K/Y-Al2O3 catalyst, the permeation study o f  hydrogen through a palladium membrane 
and the study on the membrane reactor. The Pt-Sn-K/y-Al20 3 was selected because o f its high 
resistance in  catalyst deactivation. In the kinetic study, the effects o f external and internal 
mass transfer were found to be negligible when the superficial velocity was higher than 1.6 
m/s and the catalyst size was smaller than 60 -  80 mesh, respectively. The reaction rate 
constants fo r the Pt-Sn-K/y-A l203 catalyst were determined by fitting  the experimental results 
w ith a power-law kinetics at the reaction temperature ranging between 723-873 K. The 
reaction rate constant based on the active site at 773 K  is 1.40x1 O'28 mol/(sites Pa). In 
addition, the frequency factor and the activation energy were 6.14x1 O'24 mol/
(site s Pa) and 62.7 kJ/(mol K), respectively. The permeation study o f pure hydrogen through a 
Pd-Ag membrane w ith  5 mm diameter and 0.1 mm thickness was carried at 573, 673 and 773 
K. The permeation was assumed to fo llow  S ieverf s law. The obtained permeation coefficient 
at 773 K  was 8 .88x l0 '6 m ol/(m : s Pa05). The activation energy was and the frequency were 
61.7 kJ/(m olK ) and 0.11 mol/(m2 s Pa°5), respectively. In the membrane reactor study, both 
mathematical modeling and experimental work were carried out. It was found that membrane 
reactor was superior to a conventional packed bed reactor and that the decrease o f membrane 
thickness improves the performance o f  the membrane reactor.

Key Words: Dehydrogenation o f propane, kinetics, hydrogen permeation, palladium 
membrane, membrane reactor
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Introduction
The concept o f  membrane reactor has shown high potential fo r applications in  the 

fields o f biological and chemical reaction engineering during the past several decades. One o f 
the major applications o f  membrane reactor is fo r overcoming an equilibrium  conversion by 
combining reaction and separation in a single un it operation. The dehydrogenation o f  propane 
to propene is one o f  the reactions o f interest in this type o f applications. A  number o f 
researchers have studied this reaction using various types o f  membrane materials and 
catalysts. Weyten et al. (1997) investigated the system using H 2-selective silica membrane 
w ith  a chromia/alumina catalyst. They found that the propene yield is at least tw ice as high as 
the value obtained at thermodynamic equilibrium  in  a conventional reactor. Y ild ir im  et al. 
(1997) evaluated the relative performance o f three composite membranes; namely Pd/Ag, 
silica and Pd-dispersed porous membranes. They found that the dense Pd-Ag composite 
system possessed higher performance levels in the temperature range studied. However, 
metal-dispersed porous systems have advantages due to their s ignificantly higher contact 
surface-to-volume ratio.

The objective o f this paper is to study the performance o f membrane reactor. The 
kinetic o f P t-Sn-K/y-A l203 catalyst which shows good resistance to deactivation by coking 
and high propane selectivity, and the permeation o f  H2 were investigated to find  reactor rate 
constants and permeation coefficients at different temperatures. In addition, a mathematical 
model was developed to simulate the performance o f the membrane reactor.

Experiment
1. Catalyst preparation

0.3%Pt-0.3%Sn-0.6%K/y-Al20 3 catalyst was prepared by dry-impregnation o f  60 - 
80 mesh y-alumina support w ith  an impregnation solution o f chloroplatin ic acid, stannous 
chloride and hydrochloric acid dissolved in de-ionized water. The catalyst was held at room 
temperature for 6 hours and dried overnight at 383 K. Next after calcining in air at 773 K  for 
3 hours at the heating rate o f 10 K  per minute. The catalyst was reimpregnated w ith 
potassium nitrate solution and recalcined to obtained the P t-Sn-K /A l203 catalyst.

2. Kinetics study

The dehydrogenation o f propane was carried out in a micro reactor installed in a 
electrical furnace w ith  a temperature controller. The reactor is a quartz tube reactor whose 
inner diameter is 0.6 mm. 0.1 gram o f catalyst w ith 60-80 mesh sizes was packed at the 
middle o f the quartz tube. Hydrogen gas was used to reduce the catalyst fo r 1 hour and argon 
is fo r purging the system. The gas feed supplied by Thai Industrial Gases Lim ited was 
mixture o f 3% propane in nitrogen. The propane molar flow  rate was fixed at 2 .37x l0 '7 mol/s. 
The experiment was performed at 773 K  unless it  w ill be specified in the text. Conversion and 
metal active sites at each time on stream were obtained using by gas chromatography and CO 
adsorption measurement.
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3. P erm eation  a nd  m em brane re a c to r s tud ies

Figure 1 shows the experimental setup fo r membrane reactor study. The membrane is 
made o f  Pd-Ag alloy w ith  outer diameter 6 mm. The thickness o f  the separative palladium 
layer is 0.1 mm and the total length o f  the membrane 150 mm.

For the permeation studies, 16 grams o f S i0 2 was packed inside the membrane tube. 
Pure H2 was fed to the side while N 2 as a sweep gas was fed to tube side. M olar flow  rate o f 
H2 was fixed at 2 .46x l0 '5 mol/s that o f N 2 was varied between 3 .35x l0 '5 and 1.34x10Amol/s, 
respectively. Permeate and retentate flow  rate was measured by bubble flo w  meters. For 
reaction studies, the experimental procedure was sim ilar to the kinetic studies except it  was 
carried out in membrane reactor and N 2 was used as sweep gas.

Reactant
Sweep gas 

input/output

<1=0 ^  /

Thermocouple -• i’l ■♦- Sieve

Catalyst
Pd thin film 

Ceramic support

Y
Jl, Retentate

Figure 1 .Membrane module of Pd membrane reactor

Results and discussion

1.K in e tics  study 

Rate expression
The rate equation for the dehydrogenation reaction is shown in Eq. 1.

- r  1 app P a
P bP c

(1)

=  k_app
P AO (1 -  Y 4 ) (p  BO +  PaoX A )CPcO + P AoX A )

, 0 + yAox A) (1 + yAox A)2K
By assuming a plug flow  reactor, the apparent rate constant kapp can be determined as

k = —app j y
dX,

P aqI } ~ X a ) (P bo+ PaoX a )(P cq+ PaoX a ) 
(1 + T , Y , )  (1 + y AoX A) 2K (2)
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Reaction rate constant
Before the determination o f  the reaction rate constants, the operating condition where 

the effect o f external mass transfer and internal mass transfer are negligible must be 
investigated. I t  was found that the resistances o f external and internal mass transfer could be 
neglected when the superficial velocity was higher than 1.6 m/s and the catalyst size was 
smaller than 60-80 mesh, respectively.

In order to determine the reaction rate constants, it  was assumed that the decrease o f 
catalyst activ ity was due to the formation o f  coke on metal active sites and that the 
dehydrogenation o f  propane reached steady state w ith in  seconds (Larrson et al., 1997 and 
1998). Conversion and selectivity o f propylene shown in Fig.2 were used to calculate the 
apparent reaction rate constants, kgpp, which reflect the rate constant at the corresponding 
number o f  available active sites, Nfite as shown in Table 1.

Taking into account only the available active sites, the reaction rate constants based 
o f the number o f  active sites, ksitt, is defined as follows.

ksite kgpp/ Nsite (3)
Table 1. Available metal active sites and rate constants o f Pt-Sn-K/y-A l20 3 catalyst at 

773K.

Time on stream (min.) พ X10' k ̂ 0 X106[mol/(kgcat*s*Pa)] k . X10 28[mol/(site*s*Pa)l

3 3.57 1.11 3.15

120 0.65 0.21 3.11

Average 3.13

To complete the determination o f the rate constant o f the P t-Sn-K/y-A l20 3 the 
reaction rate constants were determined at different temperatures from 873 to 723 K. The 
Arrhenius’s equation can be determined as follows.

k„,e =6.14x10‘24 exp(-62,700/RT) (4)

Figure 2. Propane conversion and Figure 3. Permeation coefficient o f  H 2 (a H)
propylene selectivity at 773 K. at 873,773,673 and 573 K.
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2.P erm eation study

Performing the material balance o f  hydrogen, a set o f equations can be obtained 
For flow  in the tube side

dz
For flow  in the shell side

=  -ca,

0 1;

i l F - J p )

dz
where

c =  2 Ttr 1Zt
F,H, 0

pS
8 s = F -

p°

(5)

(6)

0 *  + 0 f

P T
b t = F—

P i, r 0

o r^  H

o ^ + o f

a H is the permeability coefficient o f hydrogen though the palladium membrane which 
was obtained by fitting  the experimental results w ith the model. The amount o f  H 2 permeated 
through the Pd membrane was measured and used as one parameter in the permeation model. 
Fig. 3 show permeability coefficient w ith  different N2 sweep gas flow  rate at 573,673,773 and 
873 K. The continuous lines in the graph are the average value o f a H , it  was found that the 
film  resistance at the membrane interface at the N 2 side is not significant w ith in  the range o f 
this study. The Arrhenius’s equation can be determined as follow.

aH = 0.114exp(-61,700/RT) (7)
3. M em brane reactor

Mathematical model
To sim plify the model fo r the membrane reactor, the fo llow ing  assumptions were 

made. The reactor is operated under plug flow  regime and isothermal condition. In addition, 
the pressure drop in  shell and tube side is negligible. Performing the material balance o f 
catalyst bed, a set o f equations can be obtained :
Shell side :

<70; V,

dz
Tube side :

d0 r

-c ร,! F;
0 C3/ / 8

dz =  c  ร , 2 a i
K P

®C3H8®H 2

พ พ ]

I K P ‘
F s1 7.

where

— csaat

cร,1 ~  ztAsspkP , cร า —

F t1 T

2 nr2zt 
F sn1 r.o

[ 0 f  P--

FrS

0 f F:

\® Th_P T

1 i,0 F;i , 0
F t

(8)

(9)

^  Fr
Fโ,!)

Fig.4 shows the conversion o f the membrane reactor from the both experiment and 
the simulation at different sweep gas flow  rate. From the result, both values are comparative 
w ith the performance o f membrane reactor was slightly improved when N 2 sweep gas flow  
rate was increased, Fig. 5 shows the simulation results when different o f Pd-Ag alloy 
selective layer thickness were used. The simulated results deviate from the experiment ones 
w ith in  5-10 % error. It was found that membrane reactor gives conversions exceeding the
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equilibrium conversion and they are much increased when the membrane thickness was 
lower. In addition, the effect o f sweep gas flow rate was more pronounced with the decrease 
of membrane thickness. The improvement o f  the conversion can be explained by the 
improved hydrogen removed hydrogen removal from the reaction chamber due to the increase 
of hydrogen pressure gradient with high sweep flow rate and the decrease o f the membrane 
resistance with the thinner membrane thickness.

1๓ ๆ

?  8° -
1 60- A A A A * *

พ๊ั 40 -
ao A Ejqierirnent

0  20 - -----Simulation
0 J------------ 1-------------1---------

O.OOE+OO 5.œE-06 1.00E-05 1.50E-05
Sweep gas flowrate (mol/s)

Figure 4. Conversion of experiment 
and simulate study at 773 K.

0 .00E +00 2 .50E -04  5.00E -04

Sweep gas molar flow rate (mol/s)

Figure 5.Conversion of different 
Pd-Ag layer thickness at 773 K

C o n c lu s io n

The study of the gas phase dehydrogenation of propane in a membrane reactor has 
been carried out by simulating the mathematical model, whose parameters (rate constant and 
permeability coefficient) were obtained experimentally. Performance of membrane reactor 
could be approved over equilibrium conversion by using low Pd-Ag layer thickness 
and high sweep gas flow rate.
A c k n o w le d g e m e n t

This research was financial supported by the Thailand Research Fund and TJTTP-
OECF.
N o m e n c la t u r e

As
F,
Isaapp
k.site

Nsite

Pi
Pt
ร
X

= Cross section area of bed [m2]
= Molar flow rate of species I [mol/s]
= Rate constant (based on catalyst weight ) [mol/(kgcat*s*Pa)] 
= Rate constant (based on metal active site ) [mol/(site*s*Pa)j 
= Equilibrium constant 
= Metal active site 
= Partial pressure [Pa]
= Total pressure [Pa]
= Membrane tube radius [m]
= Metal active site per weight of catalyst [site/kgcal]
= Conversion
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Membrane length [m]
Hydrogen permeability coefficient [m ol/(m 2*s*Pa0 5)] 
Density o f catalyst [kgcat/m 3]
Dimensionless total molar flow  rate

Dimensionless molar flow  rate o f species I in shell side 

Dimensionless molar flow  rate o f species 1 in shell side

Subscripts
A
B
c

Propane
Propene
Hydrogen

0
Superscripts

Component o f mixture 
Inlet value

ร
T

Shell side 
Tube side
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