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APPENDIX A
SAMPLE OF CALCULATION FOR CATALYST PREPARATION

The sample of calculation shown below is for 0.3 wt.% Pt- 0.3 wt% -
0.6 wt.% K/Y-Al:O; catalyst. The hydrochloric acid is added to the impregnating
solution by 5 wt % of the alumina support. The alumina support weight used for alll

preparation is . grams.

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

composed of

Platinum 03 g
Tin 03 g
Potassium 0.6 g
Hydrochloric acid 0.05 xX g
Alumina support X g
03 +0.3+ 0.6 + (0.05xX) + X =100 g

X = 94.0952 g

The platinum compound is from chloroplatinic acid (HZPtCl6.6H2)), 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 (SnCl.2H.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 (KNO3s) where molecular
weight is 101, and potassium content is 38.61 wt.%. The stock solution of potassium
nitrate has the concentration 3 g in 25 ml. of 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 ofthe 0.3 wt.% Pt- 0.3 wt.% - 0.6 wt.% K catalyst are as follows.

For two grams of alumina support used

1) Platinum required = (0.3x2)/94.10) g
= 6.37xI0+ g
Chloroplatinic acid required = 6.37x10'3X100x25/37.67 ml
= 04232 mi
2) Tin required = 2x0.3/94.0952 g
= 6.376xI0'3 g
Stannous chloride dihydrate required
= 6.376x10'3X100/51.02 g
= 00125 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
=01 g
The amount of hydrochloric and by volume
= 0.1/(1.190x0.37) ml
= 02271 ml

As the pore volume of the alumina support is 1 ml/g, the total volume of
impregnating solution that must be used is - ml by the requirement of dry
impregnation method, the de-ionized water is added until the volume of impregnating

solution is » ml as equal to the volume of the alumina pore volume.



APPENDIX B
CALCULATION OF METAL ACTIVE SITES

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

adsorption at room temperature has the procedure as follows

Let:
Weight of catalyst used = kg
Height of CO peak after adsorpton = A unit
Height of40 pi. standard COpeak = 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 1mole at 30 °C = 24.86xI06 pi

Moles of CO adsorbed on catalyst = [(B-A)/B][40/24.86xI06§ mole
Molecules of CO adsorbed on catalyst
1.61x10"6[{B-A)/B](6.02x102)  molecules

9.68x107(B-a)/b] molecules of COkgcat-

Number of metal active sites



APPENDIX ¢
CALCULATION OF DIFFUSIONAL LIMITATION EFFECT

The two types of diffusion resistances which affect overall rate of reaction are
(») external resistance: diffusion of reactants or products between the bulk fluid and the
external surface of catalyst, and () internal resistance: 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 et al., (1990), Fogler, (1992) and Levenspie, (1972).

External mass transfer

Let acomponent A of afluid 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”=KCh (C-D

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
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 (C3)

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

pfA =film pressure factor = — = +J— (G4

0+



Then, thecorrelation ofthe mass transfer coefficients can be presented in term ofthe

j D factor

Jd =1

KeMwm = 2.
SNAASe2n

2

JIAPL SC™ _ /(Re)

Calculation data

Reactant =

Temperature =

Pressure
Feed flow rate

Catalyst diameter

Catalyst weight
Catalyst density
Conversion
Feed composition
Species
Propane
propylene

Hydrogen
Nitrogen

Propane molar flow rate (FA) )

Propane mass flux(G)

External surface area per catalyst particle =;r(2.14x 10°4)' =1.44x10-- m2patrticle

Weight per catalyst particle

External surface area per weight catalyst (am) =

3% Propane/Nitrogen
773 K
105 Pa
1X 10s m3s

0.214 x10 3 m

0.2

1500

X 10s
kg/m:

30 %

fraction
0.03

0

0.03
094

1x107x0.03
82x 105 x 303

1.2x1 0

1.2x1 Os x44 ,
=1.88X10
0.006

7TX.\

(2.14x 1Q4)3x 1400

AN X/\/\

7.29x10°

- 19 9

(C-5)

kmol/s

kg/mzs

makgeat

n

=7.29x10" kgcat/particle



Composition of the reaction mixture

Propane: y«,(I-X)r _ 0.03x(1-0.3)x106 = 2.05x 103
I+ yrx r 1+ 0.03x0.3
Propylene; YA©I®B+x)p _  003-'03 ,10- = 8.91x1 @
14 Y aos 1+0.03x0.3
Hydrogen: YAX®c+x)p — 0.03x(1+0.3)..10, = 3.89xi03
1+ yAox 1+0.03x0.3
Nitrogen: yAQ®, p D.03x81.33 is - = 931 x 104
1+ 1+0.03x0.3
Estimation ofviscosity
Use the Lennard-Jones potential:
=2.669, TSN
Species Mw a s/K Q P ix10 7[kg/m*s]
Propane 44.09 511 237.1 0.928 2.027
Propylene 42.08 4.67 298.9 0.999 2.202
Hydrogen 2.01 2.87 99.7 0.718 1.836
Nitrogen 28.02 3.79 714 0.734 3.710
Viscosity, molecular weight, density of gases mixture
nm=Y"yipi = (2.05x102x 2.027xI0'7) + (8.91xI0"3x 2.202xI07) +

i=1
(3.89x1 O2x 1.836xI0"7)+ (0.93 x 3.710xI0'7)
3.59xI0'7  kg/m.s

Mwm=VjyiMwi = (2.05x102x 44.09)+(8.91xI0'3x 42.08)+
(3.89x10'2x 2.01)+ (0.93 x 28.02)
= 27.46 kg/kmol
_ My “F q 28.206x273
Pm= "y 22 AXT73

0.44 kg/m3



13

Diffusion coefficients

For the correlation of Fuller-Schettle-Griddings:

D 103 tus(/Mmwit1/Mw2)l2
rrfeyy + {L r‘)nt

No. Species Diffusion volume of  Binary diffusion coefficient of 1
molecule in other species xio5[m2 |
1 Propane 65.34 :
2  propylene 61.38 3.88
3 Hydrogen 7.07 2331
4  Nitrogen 179 6.26

Diffusion coefficient of componenti in reaction mixture

yk+yj

vi-1
ZbtZa 1yc tYA |l -V
I +yA B 'AC ‘Al

1 f8.91x10'3+2.05x10~2 3.89x10'2+2.05x10"2 093 v
| +2.05xI0~2] 3.88xI0"5 1 23.31xI0~5 16.26xI0~5J

= 6.29x1 O5m2s

Schmidt and Reynolds number

= Mn 3.59x 10~7 = 1.32xI072
* D A 0.44x6.29x10'5
e - 196 0214x103x.88XI0~3  _ ..
3.50x10~7

Since Re<190, the following jo(Eqg.C-5) correlation should be used:
jD=1.66(Re)>d = 1.66(1.13)°8 = 1.56

Reaction rate constant is used in the simple form:

Fapx  1.2x10-9X0.3

0.0002

-6
rA =1.81x10 kmol/kgcat
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Now the partial pressure drop can be calculated. Assuming that ApA= 0, the film

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

pfA=pT+SApA = 1+2.05xL02 =1.0205 bar =1.0205x105 Pa
- A "o A A .
A"l e = Ll e 20~ a8HRRQRI13 2 X10 -1
= 4.84x1 O5bar

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

4.48x10°

PIAZ = (1.0205/1.0204)

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 APA.

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-I and C-2,

respectively.

Table c-I Partial pressure difference of propane between catalyst surface and bulk gas
0f3% propane at 773 K and GHSV 12,700 h'1 kinetic study condition.

Feed molar flow rate x 107  Propane partial pressure difference
(m3) (%)
25 0.467
50 0.339
75 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'l 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
"equ:A—kWpSCA:O (C-6)
dy2
With the boundary conditions

Ca(Lp)=Ca atthe surface

dCAo0) o

dy
The solution of Eq.C-6 is

at the center line

(C-7)

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

taL = rACA (C-8)

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

AI
_ tanh (C-9)

where () is Thiele modulus = L"JkpsD eA (C-10)
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From EQ.C-9 and C-10 leading to:

taP, = J D'ACa

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

AC'L =T]02=° (C-Ily

From the effectiveness factor versus Thiele modulus curve (Figure C-I), The following
condition are obtained
1 For(j)«l, =1 (no pore diffusion limitation), and so
RH.S. = 4 |
2. For <)»1, =1K]|) (strong pore diffusion limitation) and so
RHS. = 1/() x @1

Thus the criterion for negligible pore diffusion limitation is

o= (rAPS)obS. <<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 (<> on different catalyst size of 3%propane
at773K and GHSV 12,700 h'1

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

o] 142 x 104 135x 105 8.20 x 106
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Figure C-I| Effectiveness factor for slap (P), cylinder (C) and sphere ( ) as function of
the Thiele modulus (Froment, 1990).



APPENDIX D
DETERMINATION OF REACTION RATE CONSTANT

Assuming plug flow and steady state condition, the material balance of a plug
flow reactor can be made as fallows

Faz —F1 zeaz =rTANCH C])'l)
dF+ i
&y (D-2)

Eq. (D-2) can be rearranged using of catalyst weight as a basis to obtain.

d&wA < (D-3)

where  FA=FA(I- X)
or  dFA=-FAdX then Eq.D-3 becomes
dX

\"AO )

For the whole reactor the expression must be integrated. Now Fao, the feed
rate, is constant, but IA'is certainly dependent on the partial pressures or conversion.

(D-5)
0

In this case, the rate of reaction is assumed to be a in simple form with kapas
reaction rate constant based of catalyst weight.

rA = kapp PC,Ht PC)HGPth (D'6)
£q



Table D-1 Composition of the reaction mixture:

Species Feed rate Change rate  Effluent rate
Propane Foo - FaoX FX-x)
Propylene ®.ro FaoX A )
Hydrogen 0.F, FAX Feo(&c +X)
Nitrogen o F. ) s E Ao

19

Partial pressure
yM(' )

%B+x)p
Lo

F7|o ®c +X) P
1+yN|X T
y X -X)r
1+ o

From the simple rate expression and the composition of the reaction mixture
as shown in Table D -1, the rate constant base of catalyst weight, ka can be obtained:

dXx

PM(I-X) Pad®,+XX®c+X)
1+yMX N

K, = F0 f

(D-7)



APPENDIX E
DETERMINATION OF EQUILIBRIUM CONSTANT AND
EQUILIBRIUM CONVERSION

Dehydrogenation of propane is an equilibrium limited reaction. The maximum
extent of certain reaction is governed by thermodynamic equilibrium. Maximum
conversion of the propane to propylene is calculated at given operating temperature,
pressure and feed composition according to the laws of thermodynamic.

Equilibrium constant

Standard free energy change can he expressed as:

AG® = AH" —TAS®

A a7 J

where  ASQ- — — (E-2)

(E-1)

Combination Eq.E-1 and E-2, we see relation between free energy and enthalpy of

reaction:
0
AH® = —RT? M (E-3)

al

RT2 RT

The enthalpy of reaction at any temperature can be written in the term of enthalpy of
reaction at reference temperature and heat capacity, Eq.(E-5).

AHY = AHY, + [ AC;dT (E-4)

where  Cp-Aa+ADbT +AcT2+AdT (E-5)

Aa = iv,a, . Ab= iv,b, , Ac= Zl’,C,- , Ad= ZVid. (E-6)
i=1 i=l

i=l i=|
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The exact form for the dependence of the free energy of reaction on temperature is

ey =R AT (E-)

29

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

=

ace =£1-AaIinT ~A-T2  T3-~ .r4-BRT (E-8)
where 5, = A//T8- (adx 298)- \~x2982 13 x2983)A » ]
- A A N
BZ_—R — Aaln298- 7 X298 : X2982 - x2983 %98

Table G-I Heat of formation, free energy of change at reference state (298 K) and
heat capacity parameters.

: A# 28 AG2B :
Species d 6x102 CXi05 </x109
[kcal/mol] [kcal/mol]

Propane -24.820 -5.614 -0.966 1.279 -3.755 7.580
Propylene  4.879 14.990 0.753 5.691 -2.910 5.880
Hydrogen - - 6.424 0.104 -0.0078

A 29.699 20.604 8.671 -1.634 0.941 -1.9

From Eq.E-8 and data in Table E-I, the standard free energy change of propane
dehydrogenation reaction at 773 K can be obtained.

AGTR=5243 cal/mol

At constant temperature and pressure, the relationship between free energy change
and equilibrium constant is:

AGy7=-RT InK (E-9)

e _ e-(1‘92‘37x773j (E].O)

Thus, K
=0.0329
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At constant temperature and pressure, the equilibrium constant is defined as
K=Ebw - (E-11)
The operating condition in this study is at 773 K, atmospheric pressure (<par « 1), and

v=T. Thus in this studies, the equilibrium constant for propane dehydrogenation can
be reduced to:

Y E12)
Te,h.
Substitution fraction of each species from Table o-1 to Eq.E-12, the equilibriun
constant in term of equilibrium conversion and feed properties are given:
K:"ok+*J®c (E_lg)
)
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-1 Freg energy change, equilibrium_constant and equilibrium conversion at
some operating temperature and feed composition

Temperature AG® Equilibrium Equilibrium conversion e [%]

K] caymoy  CONStant ) 3% 20% 50%
123 6898 8.21e-3 40.50 1861 12.36
173 5243 3.29%-2 63.71 34.05 23.10
623 3584 1.116e-1 82.25 5357 40.07

673 1925 0.3296 9243 12.29 59.10



APPENDIX F
HYDROGEN PERMEATION MODEL

A set of differential equations for the permeation of . through a Pd
membrane can be derived in both shell and tube sides of a reactor with the assumption
shown in Figure F-1, the mass balances can be performed as follow.

M aterial balance

! F;
|
5L M Assumption:
Ti M Hy » Steady state operation
i * |sothermal operation
Fi: AZ FH Z+AZ ini i
A | J Negl!g!ble pres.sure-drop in packed bed
% H— » Negligible radial diffusion effect
I3 I

Figure F-1 Packed bed reactor

Shellside:

A steady state mol balance on hydrogen species in the reactor segment between z and
2+ Azs

nlz - FnlZeAz = 202AZh (F-1)

Sieverts’s law is used to describe the H2transport through the Pd film. Consequently,
the H2 flux is:

v =aulos V77 (F2)
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From the material balance(Eq.F-I) and Sieverts’s law, a differential equation (Eq.F-3)
can be obtained and can be, further, converted to a dimensionless form (Eq.F-4):

aF raH fp| (F-3)
i (F-4
T
h
WHETE po 0Kk * @
.
" PR PRow n /
(=7 7 Ol_f,j;
Eso 27  Ho

Tube side:
Using similar manner, the following equations for the tube side can be obtained.

?I:ll-\z Fhiz., = ~{Fh|z - F1112+AZ) (F'5)
o .
o

The dimensionless molar flow rate of - in tube side, <H, can be derived in term of

dimensionless molar flow rate of 2 in tube side.

C'dK=-fW

<=(1-03%) (F-8)
Eq.F-4 and F-8 were used to simulation compared with experimental data to
determination of hydrogen permeability coefficient (an) of Eq.F-4



APPENDEX G
MEMBRANE REACTOR MATHEMATICAL MODEL

A schematic representation of the membrane reactor used in the development
of the mathematical models is given in Figures G-l and G-2. Two membrane reactor
models were considered namely models with and without radial effect. Details are
discussed as follows.

A. Plug flow model

Fi\ Fi
Assumption:
dz! + Steady state operation
t i * Isothermal operation
T . « Negligible thermal and concentration
o 2 gradients in the catalyst pellets.
ri >

h  Negligible radial diffusion effect.
r3

Figure G-I Schematic diagram ofmass balance of plug flow model.

Shell side

A steady state mole balance on product i in the reactor segment between z and
z+Azis:

i\zZ ~ri Z#AZ 9 2 1@ Z -V ipcll aAssSZ (G-1)
where JH=aHg~ " - Jpl (-2
then; = v.p@Ask PHOPHL  omoa 1 (G-3)

&g



Dimensionlessform:

Eq.G-3 can be converted to a dimensionless form by basing molar flow rate of
species i and bed length with initial total molar on shell side and total bed lengh,
respectively.

);:C ®C.H ® H2 ' )S-PS KP*® G'4
...dL s> ®CHS (FiskJ ps) e 2ai o7 ( )

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

equation

A= -1500 0 A -1 25 7~-fipd
Tube side -
Similarly, the following equation for the tube side could be obtained:

Fj \z-F, |ztaz = * " I2h12A 2 (G-5)

= 2nr2aH(VTt - ) (G-6)
Dimensionlessform:
PSS«

p e G-7
2 T = N~ (6-1)

The dimensionless and constant terms are shown below.

of =— cs1= 10A?spkPS
1io
—F 21rr, o
Of - c2=-
F1,0 To
F. . Fr

FT0
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B. Radial flow model

J'lzll
Assumption:
| + Steady State operation
|
| * Isothermal operation
J, J . :
g : i o « Negligible pressure drop in catalyst
4 bed
- \\ o .
N J;wlo * Negligible thermal and concentration
Li\) gradients in the catalyst pellets.
Jiz +Az

Figure G-2 Schematic diagram of mass balance of radial diffusion model.

Mole Balance
Mole balance on product i in the reactor segment between zand z + Az, rand r
+Ar,9and 9 + A9, is:

rArA =rArAe{j212- J 2249+ ArAz(JI00- J 10%e+A, )+ AOAZ(rIXir-rJ Tirear) +
rArAQAzrd (G-8)

then partial differential equation will be obtained:
Tt rd A
In this case, the diffusion in z-component is ignored, then J2=y1Y [Ji=C,.“'(G-10)
2

and convection in r-component is ignored, then er: -SDim—d’ (G-12)

Substitution Eq.10 and Eq.l 1in Eq.9 a general partial differential equation at
steady state condition is:

G de, (G-13)
dz rdr dr: 7
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A general partial different equation (Eq.G-13) is used to apply on membrane
reactor system, PDE and its boundary condition are:

Shell side
dC.u' S dCL+d2C ~ Pcl6Phl
_d_ = eDfm d d +ViPCJ,app PC,Ht
z r r roy 4so y
B.c. z=0:C, =C,0
ac, a
. . (G-14)
="2;0T=7d[ pS* ~ - M U )
de..
Tube side
dc: ' (1ldel d2c ~
dz . r o dr dr
B.C. z=0,C,. =c,.0
d
T (G-15)

T®=5.. A O

Dimensionless form
The set of partial differential equations in Eq.G-3 was converted to

dimensionless form by basing molar flow rate of species i and bed length with initial
total molar on shell side and total bed lengh, respectively.

Shell side
Ao " ; of.,.0
COS-bpln/Sps 1 d 62 'op b 2UiF fay60 [
cz st Rs- R* dR I f/J + OR21¥/J F1s CH ~ KegFj /P s
B.C.: 1=0; of =(>*0 {0<R<I
ofr ab5,a, Oof?/
Rs =0 ) QL / (G'16)
OR Jpj D?ps ft
d "OfN
R5 = 1; - =0

~dR
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Tube side
) | T b 1 ’<?for ) fory
oL ' - oF 1ORL
B.c L=0; Oor=of, (O<R<]
d cb,.T )
L A (d) N apa| |®IE \/(D,.TI_’;T
Re=k oK \r, - DLPT|\ F? Ff
The dimensionless and constant term in Eq.G-16 and G-17 are;
F.s T.F
- <
F°o °
S
Ft pr Pt ;so=§g fj =5°
" o Fs °7 o " Efo
-
< ps
p,T H RIS =
TR i
loase ( By > = loate ( %f
r {(r-fY\udPsy .Z_SpeaMoc\UéﬁTs,OA T=(n-rJ V\%Dﬁgy
(r3~riif?r b :(r, ’o)PoT\/P_oS
K .= MO 7,1 CT
T,0

*w,0
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Abstract

The performance of three catalysts, namely Ptly-Al.Cs, Pt-Sn/y-A"Ch and Pt-
Sn-K/y-Al: o s for dehydrogenation of propane is discussed. All catalysts are found to
be highly selective towards propene. Pt-Sn-K/y-Al:o s 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-Al: o5 . 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-Al o s, Pt-Sn/y-
Al:Os and Pt-Sn-K/y-Al: o s catalysts at 773 K are 0.48x1 02 0.67x10'8Band 2.98x10'
28 mMol/(site.s.Pa), respectively. In addition, for Pt-Sn-K/y-Al . :, the frequency factor

and the activation energy are 6.14x1 O.. 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 al. (1997)
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investigated the system using H:-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 et 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 Ptly-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%Ptly-Al203 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 10K per minute,
and calcined at 773 K for 3 h. o 3 %Pt .. %Sn/y-Alo: catalyst was prepared by
using an impregnation solution with mixtures of chloroplatinic acid and SnCb
dissolved in de-ionized water. o .z %Pt-0 s %Sn- .« %K/y-Al0: could be made by re-
impregnation of the calcined o s %Pt-o s %Sn/y-Al o3 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 technigue whose concept is based on the assumption
that one molecule of carbon monoxide adsorbs onto one metal active site (Burch et
al, 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

£ PagO -~"a) (Pbo+ Pao-Xa)(Pco+ Pao-"a)

ap{ (1 +y ADX A) (1+y AoX A)2K 1)

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

Xy

= FAo j dXA
il o Paol=X,)  (Ppo+PaeX ) Pco + PaoXs)
(1+y.X,) (1+y,.X,)’K )

The equilibrium constant, K can be calculated from Gibb’s free energy data at
different temperatures and correlated as the following expression.

K= 1.76x1012xp(-15,521/7)
3
3. Results and discussion

3.1 Comparison between catalysts
A set of experiment was carried out to compare the performance of Pt/y-Al o s,
Pt-Sn/y-AhC”, and Pt-Sn-K/y-Al.C: catalysts. The conversion and selectivity to
propene were measured as shown in Fig. 1. The propane molar flow rate was fixed at
6.24x10"7mol/s, and the catalyst weight was 0.1 g.
All 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

formation on the catalyst. The addition of on Ptly-Ak.s catalyst improves the
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conversion of Ptly-Al.os catalyst. This can be explained by the ensemble effect in
which the addition of 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 et al, 1996; Krishnamurthy 1998).
Moreover, the addition of  can improve the selectivity to propene due to blocking
or poisoning of acid sites on the support (Barias et al, 1995). Figure 1also 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 et al, 1997); and (3) alkali metals neutralize the acid sites of

the alumina support (Demiguel et al, 1995).

3.2 Kinetic 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 107 m3STP)/s. The resistance of external mass
transfer could be neglected when the feed flow rate was higher than 7.5x1 07 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-
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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
9.63x107 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 et al., 1997,
1998). The experiment was carried out using 01 g of catalyst. The operating
temperature was 773 K and the propane molar flow rate was 9.63x1 O: 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 Eg. (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-Al:Os catalyst by comparing the ratio of the metal active site of spent catalyst at
120 Min (the values at the asymptotes) and of fresh catalysts, Nsite,120 min/Nsitefresh- 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-Alko: catalyst is less than the other

catalysts.

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

as follows.

e ~kapN\a (4)
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The values of the reaction rate constants, ksite, can be determined from the
number of available active sites, NSile in Table 1and are also presented in Table 2. The
average reaction rate constant of Pt-Sn-K/y-Al2D3 (ksit....... = 2.98x1 028 mol/
(site.s.Pa)) is higher than those of Pt-Sn/y-Alo s (0.67x10'28mol/(site.s.Pa)) and Ptly-
A120 3 (0.43x L0'2Bmol/(site.s.Pa)). This implies that the presence of 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
ofthe metallic phase.

To confirm the value of reaction rate constant of Pt-Sn-K/y-Al203 one
experiment was carried out using the same conditions except for a 20% mixture of
propane in nitrogen. The obtained reaction rate constant of 3.08x10'2 mol/(site.s.Pa))
agrees well with that of 3% propane (2.98x1 O2ZBmoal/(site.s.Pa)).

To complete the kinetics for Pt-Sn-K/y-Al20 3the 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.

kit = 6.14x1 O exp(-7,545/7) (5)

The activation energy was 62.7 kj/mol.

Conclusion
The performance of Pt/y-Al2D 3 Pt-Snfy-Al2 3and Pt-Sn-K/y-Al2) 3 catalysts

were investigated. All 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-
Al:Os, Pt-Sn/y-Al: Gs and Pt-Sn-K/y-Al: o ; catalysts at 773 K are 0.43x1 023 0.67x10"
23 and 2.98x10"2Bmol/(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]
-TA rate of reaction [mol.kg"1l "]
catalyst weight [ka]
XA reaction conversion [-]
yio 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
FA - 624x10; mol/s, r=773 K, JN=01¢
y F 0.03, »a.0- 3039Pa, P s.0- =0Pa

Figure 2 Arrhenius plot for Pt-Sn-K/y -AlOs
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Table 1 values of Nstefresh Nste3min Nste120nminand conversions at 3 and 120 min for

three catalysts

Time 0 min 3 min 120 min

Nate.fieshXlO2L ~ Conversion N ste3rninXIO'2L Conversion Ngite, Z20min X 10 Nstel2 /

Catalyst [site/kg] [%] [site/kg] [%] [site/kg] N gtefresh
Ptly-AID 3 29.0 17.0 125 15 133 0.046
Pt-Sn/ 18.2 171 8.2 18 0.82 0.045
Y-AlIZ23
Pt-Sn-K/ 5.24 29.8 3.6 6.7 0.67 0.128
Y-AI203

Table 2 values of kgpand katefor three catalysts

Time 3 min 120 min
lap3ninxio  fEESNnvt B lgpMninxio  KigTninxio  kdeagapxio
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 53 0.42 0.59 0.44 0.43
Pt-Sn/y-Al20 3 57 0.70 0.54 0.64 0.67

Pt-Sn-K/y-Al20 3 11.0 3.09 19 2.86 2.98
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Abstract

The study consider the dehydrogenation of propane in a palladium membrane
reactor. The study was divided into 3 main parts: the kinetics study of 0.3 wt%Pt- 0.3wt%Sn-
0.6wt%K/Y-Al203 catalyst, the permeation study of hydrogen through a palladium membrane
and the study on the membrane reactor. The Pt-Sn-K/y-Al20 3was selected because of its high
resistance in catalyst deactivation. In the kinetic study, the effects of 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 for the Pt-Sn-K/y-Al203 catalyst were determined by fitting the experimental results
with 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 O2 mol/(sites Pa). In
addition, the frequency factor and the activation energy were 6.14x1 024 mol/
(site sPa) and 62.7 kJ/(mol K), respectively. The permeation study of pure hydrogen through a
Pd-Ag membrane with 5 mm diameter and 0.1 mm thickness was carried at 573, 673 and 773
K. The permeation was assumed to follow Sieverfslaw. The obtained permeation coefficient
at 773 K was 8.88xl0'6mol/(m: sPa05). The activation energy was and the frequency were
61.7 kJ/(molK) and 0.11 mol/(m2sPa°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 of membrane
thickness improves the performance ofthe membrane reactor.

Key Words: Dehydrogenation of propane, kinetics, hydrogen permeation, palladium
membrane, membrane reactor
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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 reactor is for 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 applications. A number of
researchers have studied this reaction using various types of membrane materials and
catalysts. Weyten et al. (1997) investigated the system using H2-selective silica membrane
with a chromia/alumina catalyst. They found that the propene yield is at least twice as high as
the value obtained at thermodynamic equilibrium in a conventional reactor. Yildirim €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 in the temperature range studied. However,
metal-dispersed porous systems have advantages due to their significantly higher contact
surface-to-volume ratio.

The objective of this paper is to study the performance of membrane reactor. The
kinetic of Pt-Sn-K/y-Al23 catalyst which shows good resistance to deactivation by coking
and high propane selectivity, and the permeation of 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 ofthe membrane reactor.

Experiment

1. Catalystpreparation

0.3%Pt-0.3%Sn-0.6%K/y-Al20 3 catalyst was prepared by dry-impregnation of 60 -
80 mesh y-alumina support with an impregnation solution of chloroplatinic 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 of 10 K per minute. The catalyst was reimpregnated with
potassium nitrate solution and recalcined to obtained the Pt-Sn-K/AI203 catalyst.

2 Kinetics study

The dehydrogenation of propane was carried out in a micro reactor installed in a
electrical furnace with a temperature controller. The reactor is a quartz tube reactor whose
inner diameter is 0.6 mm. 0.1 gram of catalyst with 60-80 mesh sizes was packed at the
middle ofthe quartz tube. Hydrogen gas was used to reduce the catalyst for 1 hour and argon
is for purging the system. The gas feed supplied by Thai Industrial Gases Limited was
mixture of 3% propane in nitrogen. The propane molar flow rate was fixed at 2.37x10'7mol/s.
The experiment was performed at 773 K unless it will 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. Permeation and membrane reactor studies

Figure 1shows the experimental setup for membrane reactor study. The membrane is
made of Pd-Ag alloy with outer diameter 6 mm. The thickness of the separative palladium
layer is 0.1 mm and the total length ofthe membrane 150 mm.

For the permeation studies, 16 grams of Si02was packed inside the membrane tube.
Pure H2 was fed to the side while N2 as a sweep gas was fed to tube side. Molar flow rate of
H2was fixed at 2.46x10'5mol/s that of N2was varied between 3.35x10'5and 1.34x10Amol/s,
respectively. Permeate and retentate flow rate was measured by bubble flow meters. For
reaction studies, the experimental procedure was similar to the kinetic studies except it was
carried out in membrane reactor and N2was used as sweep gas.

Shneep ges
input/output

Pd thin film
Ceramic support

Jl, Retentate

Figure 1.Membrane module ofPd membrane reactor
Results and discussion

1.Kinetics study

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

1 PbPc
Tt ap Pa @)
- PAOA1- Y4) (pBOt PaoX ACPcOt PAOX A)
P ,0 +YAX A Qa+yAx A2K
By assuming a plug flow reactor, the apparent rate constant kf:[pcan be determined as
dX,
kapp T

Pagl}~Xa) (Pbo+ PaoX a)(Pcg+ PaoX a)
@a+T,Y)) 1+ yAoX A)2K (2)



Reaction rate constant

Before the determination ofthe reaction rate constants, the operating condition where
the effect of external mass transfer and internal mass transfer are negligible must be
investigated. It was found that the resistances of 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 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 €f al., 1997 and
1998). Conversion and selectivity of propylene shown in Fig.2 were used to calculate the
apparent reaction rate constants, Igp which reflect the rate constant at the corresponding
number of available active sites, Nfite as shown in Table L

Taking into account only the available active sites, the reaction rate constants based
ofthe number of active sites, kSilI, is defined as follows.

lde  kgo/Nite
Table 1. Available metal active sites and rate constants of Pt-Sn-K/y-Al20 3catalyst at
773K.

3)

Time on stream (min.) X10' k~0 X106 [mol/(kgcat*s*Pa)] K . X10 28[mol/(site*s*Pa)l
3 357 111 3.15
120 0.65 021 31
Average 3.13

To complete the determination of the rate constant of the Pt-Sn-K/y-Al20 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'%exp(-62,700/RT) (4)

60 — 100 o 2.50E-05
~ - £ 200E05 +—a—v—r D
X e *
= = « 1.50E-05 -
2 = £ 1.00E-05 4 7K
2 3 = o
= —
S 3 f___ 5.00E-06 - 673 K

0 PRENETSNAESR ) go.ooaoo Tr — e S

0 20 40 60 80 100 120 0.00E+00 1.00E-04 2.00E-04

Time on stream (min.)

Figure 2. Propane conversion and

propylene selectivity at 773 K.

N2 flow rate (mol/s)

Figure 3. Permeation coefficient of H2(aH)

at 873,773,673 and 573 K.



2.Permeation study

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

= -Ca, j -
oz ilF Jp)

G

For flow in the shell side

01
dz ©6)
where
pS PT or
c=2TrlZt 8s=F - bt=F— H
FHoO pe o0* +0f Pj o~r+of

aHis the permeability coefficient of hydrogen though the palladium membrane which
was obtained by fitting the experimental results with the model. The amount of H2permeated
through the Pd membrane was measured and used as one parameter in the permeation model.
Fig. 3 show permeability coefficient with different N2 sweep gas flow rate at 573,673,773 and
873 K. The continuous lines in the graph are the average value of aH, it was found that the
film resistance at the membrane interface at the N2 side is not significant within the range of
this study. The Arrhenius’s equation can be determined as follow.

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

Mathematical model

To simplify the model for the membrane reactor, the following 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 of
catalyst bed, a set of equations can be obtained :

Shell side :
<10; v ®CIHBRH 2 [0 f P-
' -c 1 0cap —Csaat \ORPT ®)
dz " F; ] Frs
Tube side :
dor K P IK P 9
dz " "' Em F.t S
where
2nr2zt F: A Fr
cl-ztAsspkP , ¢ — 0f . Ft
3 1i0 Fio F

Fig.4 shows the conversion of the membrane reactor from the both experiment and
the simulation at different sweep gas flow rate. From the result, both values are comparative
with the performance of membrane reactor was slightly improved when N2sweep gas flow
rate was increased, Fig. 5 shows the simulation results when different of Pd-Ag alloy
selective layer thickness were used. The simulated results deviate from the experiment ones
within 5-10 % error. It was found that membrane reactor gives conversions exceeding the



equilibrium conversion and they are  much increased when the membrane thickness was
lower. In addition, the effect of Sweep gas flow rate was more pronounced with the decrease
of membrane thickness. The improvement of 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 hI%h sweep flow rate and the decrease of the membrane

resistance with the thinner membrane thickness.
1 100

- ;\: 90 | 10 pm

1 60- A A A AT z /: P

2 80 :

40 - . g 50 pm

8 A Ej-qenrrllent é i WJ.//,:——‘——'—'—"—. 100 pm
r - Simulation O Equilibrium

0J i I 60 , :

QO3 5006 10206 150E0B 0.00E+00 2.50E-04 5.00E-04
Sweep ges flowrate (mol/s) Sweep gas molar flow rate (mol/s)
% ure 4. Conversion of ex eriment Ogure F .Conversion of different
simulate stuay at 7 Pa-Ag layer thickness at 773 K

Conclusion

The stud%/ of the 0as a% ase deh droPri |on? vv% ane in a membrane reactor h
been carrled out by simulating the mathématical model, whose arameters rate constant an
permeability coe |C|ent ) Were obtalned expenmentall% Perf ormance of membrane reactor
could. be dpproved over G%UI librium conversion Dy using low Pd-Ag layer thickness
and high sweep gas flow rate
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Membrane length [m]
Hydrogen permeability coefficient [mol/(m2*s*Pa05)]

p Density of catalyst [kgaa/m 3
FT Dimensionless total molar flow rate
CD,S Dimensionless molar flow rate of species | in shell side
(D,?- Dimensionless molar flow rate of species 1in shell side
Subscripts
A Propane
B Propene
C Hydrogen
Component of mixture
0 Inlet value
Superscripts
Shell side
T Tube side
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