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Abstract

This study involves the application of a tubular fixed-bed catalytic membrane reactor to effect equilibrium-shift during the
catalytic dehydrogenation of ethane to ethylene and hydrogen. The specific characteristic behaviour of the reactor to shift the
equilibrium was analysed using a two-dimensional mathematical model which was solved using the orthogonal collocation
method. An important extrinsic variable, the time factor (W/F,,) was manipulated to yield results which were then used to
explain reactor performance. Experimental results showed that under optimal conditions an eight-fold shift in the equilibrium
conversion could be attained. Generally, good agreement was obtained between model and experimental predictions for reactor
operation using pure nitrogen as sweep gas. When air was employed as sweep, the agreement was not as expected; possibly due

to oxidation of the Pd surface.

1. Introduction and background

Porous ceramic membranes (ca. 40 A pore
size) have been widely applied in high-tempera-
ture gas-phase equilibrium limited dehydrogena-
tion reactions to enhance conversion [ 1,2]. Dense
membranes having exclusive hydrogen permea-
bility have also received wide attention [3,4].
With porous membranes (ceramic or glass) there
is always some ‘slip’ of reactants through the
porous matrix which therefore limits the maxi-
mum achievable conversion. Commercially avail-
able dense membranes supplied as foils (ca. 25
um) or as thick walled tubes (ca. 63 um) are too
thick to give sufficient hydrogen fluxes and
because of the amount of material involved rep-
resent a high cost of precious metal. New devel-
opments in ceramic and thin film technology have
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made it possible to combine the high H, flux of
thin but continuous metallic films with the
mechanical strength of porous substrates. Such
composite structures offer clear advantages over
either thick metallic foils (or tubes), or porous
membranes. These composite structures therefore
possess the potential of forming the basis of the
next generation of catalyst—-membrane systems.
Such membrane systems could well become
important in the future for enhancing the conver-
sion of industrially important equilibrium limited
dehydrogenation reactions through high single-
pass conversions at reduced operating tempera-
tures.

2. Present investigation

2.1. Experimental

The key elements of the membrane used in the
present study consisted of a continuous 6-um
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Fig. 1. Schematic diagram of the membrane reactor operation.

thick film of Pd-23% Ag alloy deposited on the
outside surface of a porous Vycor glass tube (10
mm O.D. and 1.1 mm wall thickness) which was
housed within a stainless steel shell using com-
pressible moulded graphite rings. The film was
deposited by magnetron sputtering and was char-
acterised by a variety of techniques including
scanning electron microscopy (SEM), relative
light transmission, electrical resistivity and elec-
tron probe micro-analysis (EPMA). These tests
showed that the films were coherent and pinhole
free with excellent adhesion to the Vycor sub-
strate. The absence of pinholes was confirmed by
pressure tests using nitrogen. Furthermore, the
EPMA analysis demonstrated that the film com-
position was identical with the original target
material at 23% Ag content. Transport of hydro-
gen through the membrane obtained by separate
experimentation [5] gave agreement with Siev-
erts Law [6]. In the present experiments, a mix-
ture of 50% ethane in nitrogen was used and fed
to the inside of the tubular membrane, which was
packed with a 0.5% Pd on vy-alumina catalyst in
the form of 3 mm equant cylindrical pellets. The
outer (shell) side of the membrane could be swept
with either a pure nitrogen or air purge. Through-
out all the experiments the bed temperature was
maintained at 660 K; the variation along the length
of the reactor was observed to be within +2°C
throughout all experiments. At the relatively low-
reaction temperature of 660 K employed in this
work, no catalyst deactivation was detected.

2.2. Mathematical model

The basic assumptions and details of the devel-
opment of the two-dimensional mathematical
model have been presented elsewhere [7], but are
listed briefly as follows:

(1) Isothermal conditions prevail.

(2) Temperature and pressure gradients in the
catalyst pellet may be neglected.

(3) Operation is steady state.

(4) The pressure in the catalyst bed and Vycor
glass is constant because of the low conver-
sion of ethane.

(5) Any change in pressure in the sweep gas due
to hydrogen permeation may be neglected
because of the small extent of permeation
compared to sweep flow rate.

(6) Axial dispersion is neglected but radial dis-
persion in both the catalytic bed and Vycor
glass are accounted for,

(7) Radial changes of concentration are included
in the model.

(8) Changes in flow rate along the reactor length
are negligible due to the low conversion
obtained.

Fig. 1 shows the main features schematically.

Balances for C,Hg (1), C,H, (2), H; (3) and N,

(4) may be written in dimensionless form as fol-

lows:

In the catalytic bed, 0 <r, <1, where r, is the
dimensionless radius

on
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where i=1, 2, 3 and 4 as indicated above and «
and P,; represent a constant and a Peclet number
respectively and the other symbols are given in
the Nomenclature.

In the porous Vycor glass substrate,
r;=(r—Ry)/(R,—Ry)

AR jL(QAR+RL@3=O 2)
r,AR+R, or, AR or

For the membrane and shell side, the mole frac-
tion of hydrogen in the sweep gas, y,, is given by
(y=0, pure N, sweep; y=1, air as sweep) and
m=1 (countercurrent) and m=2 (cocurrent).
dy

d_§§= (= D"di (3= (P37

—(=D"yr,  (3)

where the symbols are defined in the nomencla-
ture; ry, is the dimensionless reaction rate between
the permeated hydrogen and oxygen in the air
sweep gas.

The boundary conditions for Egs. (1) to (3)
are:

ady; .
r=0, 2ico, i=1,2,3,4 (4)
or
r,=0, =0, y=ux;
Wil g% }#Lz&4 (5)
arl ri=1 67‘2 r2=0
ox; .
r2=1, —r2=1=0, l=1,2,4 (6)
ar,
0x;
_3 =—d 1/2 __ ;/2 P 1/2 7
3R, o 3[y3 ¥s' (P) 7] N
C
§=0{YI=1,)72=}’3=0’)’4=ﬁ,
Cio
y, = 0 for cocurrent flow (8)
£=1 y,=0 (for countercurrent flow) (9)

Eq. (3) together with boundary conditions (5)
to (7) gives: fori=1, 2 and 4,

ox;
Yo (10)

At an =Vil =1, —
Y§ xl yzlrl 1 87‘2

Fori=3

d3R2 1/2 1/25,,1/2 [ Rl ]
=——= — (P In| ————
X3 AR[)’3 (P )ys ]nr2AR+R1

+y3‘r1=l
(11)

The system of Egs. (1) to (3) and boundary
conditions (4) to (11) form a set of partial dif-
ferential equations of the boundary value type
(countercurrent flow). The first and second order
derivatives were discretised using four collocation
points to yield a set of ordinary differential equa-
tions which were solved using the fourth order
Runge-Kutta routine using an initial guessed
value for at £=0.

For the coupling reaction, using air as sweep
gas the kinetics of Leder and Butt [9] were used
for the reaction of the permeated hydrogen with
oxygen.

2.3. Reaction kinetics

The kinetics of the reaction were determined by
operating in a fixed-bed reactor mode i.e. the shell-
side inlet and exit were closed. The reaction tem-
perature, contact time and ethane concentration
were varied and the effluent concentrations of the
reacting species analysed on-line by gas-chroma-
tography. The reaction order with respect to eth-
ane concentration was found to be first order, and
since the concentrations of hydrogen and ethylene
were very small, first order dependencies were
assumed for these species. An Arrhenius plot of
the reaction rate enabled the activation energy to
be determined. The reaction rate was then used to
predict conversion levels during membrane reac-
tor operation. An optimization search was used to
obtain the best pre-exponential factor value by
minimisation of the sum of errors of the residual
squares 3AZ, between experimentally determined
conversions and predicted conversions as given
by Eq. (12):
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XAi2=Z (12)

. . 2
[Xcmf,.z( exp) —XCZHs,z(pred)]
Xconei(€xp)

The kinetic expression obtained following this
procedure was then given by:

=4.39 exp (13)

[—75580

RT :l[PC2H6—PC2H4PH2/Ke]

which may be written in dimensionless form as
Ta=Q,ppra (14)

The activation energy value obtained in this
work was in good agreement with the value quoted
with literature [8] for the dehydrogenation of eth-
ane over a Pt/Al,O; catalyst. Predicted ethane
conversions were within 15% of the measured
values in the region of interest in this study.

3. Results and discussion
3.1. Membrane permeability characteristics

The flux of hydrogen through the composite
membrane was found to obey the half-power pres-
sure law indicating that flow through the metal
was rate limiting. This flux was also found to
increase with an increase in temperature at any
fixed pressure differential. From a plot of In Q,,
the permeability constant versus the inverse tem-
perature the activation energy and pre-exponential
factor for H, permeation were obtained. The rate
of hydrogen transport across the composite
membrane (Qy; cm®/s) was then given by Eq.
(15).

Ou=7.174X10"° exp(
—6.380/RT) (P\2—PY'?)(Ald) (15)
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Fig. 2. Comparison of experimental and modelling results for ethane
hydrogenation.

3.2. Characteristics of membrane reactor
performance

Membrane reactor behaviour was analysed by
obtaining quantitative information during the var-
iation of the time factor (W/F,,) as shown in
Fig. 2. At high gas velocities, the residence time
of ethane in the reactor is low resulting in very
low conversions (below the equilibrium value).
Under these conditions the partial pressure of
hydrogen in the tube-side is too small to effect any
shift in the equilibrium. As the contact time
increases, the hydrogen partial pressure difference
increases and hydrogen permeation begins to con-
trol the ethane conversion (ca. 0.25<W/
Fao,<1)X10°). The effectiveness of the
membrane reactor to shift the conversion is clearly
evident with the steep rise in conversion between
1.0 <W/FA,<2.0X10°. In this region, our cal-
culations indicate that the permeation rate was
roughly 6-7 times the production rate; in other
words, this is the region of high performance.
Higher contact times did not result in enhanced
ethane conversion (W/F,,>2.0X10°). We
speculate that possible readsorption of hydrogen
and ethylene in this region prevents any net
change in the hydrogen driving force thus result-
ing in a new equilibrium level. It is well known
that these species are strongly adsorbed on Pd/
Al,O; catalysts. Furthermore, the BET surface
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Fig. 3. Simulated axial species concentration profiles.

area of the catalyst was large (ca. 280 m*/g),
which would suggest a strong possibility of read-
sorption. Fig. 3 shows simulated profiles of the
hydrogen mole fraction in the shell and tube sides
of the membrane reactor for countercurrent oper-
ation, as well as the ethylene production rate. It
can be seen that the latter increases monotonically
with bed length whereas the hydrogen in the tube
side shows a peak concentration near the reactor
inlet due to the dehydrogenation reaction. On the
shell side however, there is a steady increase in
hydrogen concentration because of the counter-
current flow of purge gas. When air was used as
sweep gas (oxidative extraction) model predic-
tions did not give good agreement with experi-
mental data. This was attributed to the oxidation
of the Pd surface which then prevents hydrogen
recombination.

Although the model allowed for the possibility
of radial concentration variation, the radial pro-
files obtained showed virtually no difference in
concentration for all four species concerned.
Therefore a plug flow reactor model could be used
for future work using a reactor of similar dimen-
sions.

4. Conclusions

A comprehensive mathematical model has been
developed and used to investigate the character-
istic behaviour of a fixed-bed tubular membrane
reactor for light alkane dehydrogenation. An
eight-fold enhancement of the equilibrium con-
version was achievable at high reactor
performance. The model has been validated with

experimental data and would therefore facilitate
the procurement of preliminary design parameters
for interpreting and explaining observed reactor
behaviour.

5. Nomenclature

A =Membrane area

C = Concentration

d, = Pd-Ag thickness

d, = 27TR2LQH2Pt]/2/(Qs' 0)

d, =e,/€R,/AR

ds =ARQy,P!?/ (22400 Cy €, D, 8)

D; = diffusivity of component i in
mixture

L = length of catalyst bed

P = pressure

P, = P/ P,= pressure ratio (shell side to
tube side)

On, = permeation flux of H,

O = sweep gas flow rate

a = Qpgla

T, =448007R,Lry,/ Q

ry = r/R, = dimensionless radius in bed

s =(r—R,)/(R,—R,;) dimensionless
radius in Vycor glass

R, = inner radius of Vycor glass

R, = outer radius of Vycor glass

AR = thickness of Vycor glass

U, = Superficial gas velocity

X = dimensionless concentration in
Vycor glass

y = component concentration in
reactor bed

a =¢L%/7

a; =vyL/(U,C\o)

o = thickness of membrane

€ = porosity of catalyst bed

& = porosity of Vycor glass

v = stoichiometric coefficient
(m=—-1Lun=yu=1,14=0)

o = catalyst bed density

£ = dimensionless bed length
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Subscripts

i = component of mixture
0 =inlet value

s = sweep side

t = tube (reaction) side
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