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HiIGH PERFORMANCE CATALYTIC TUBULAR MEMBRANE REACTORS OWING TO
FoORrRCED CONVECTIVE FLOW OPERATION
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Various tubular membranes were operated as catalyst supports whereby a radial convective flux of reactants through
the pores was generated. A remarkable feature of convective flux through catalytic membranes is the very low
catalyst loading necessary for a high conversion. Additionally, this mode of operation allows a control of contact
time of the reactants with the catalyst which can improve the reaction selectivity. The influence of catalyst
preparation methods was investigated. Very high conversions of H,O, decomposition could be obtained for
production plant waste water over a long period of time. A reactor model was used for simulations of the

experiments.
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Introduction

Membrane reactors combine reaction and separation in
a single unit operation. In most cases the membrane
removes one or more of the reaction or product species.
The yield of reactions, which are limited by thermo-
dynamic equilibrium, can be increased beyond their
equilibrium values by removing the products. The
membrane can act as a catalyst either being catalytic by
itself or by being impregnated with a catalyst. In some
cases packed or fluidized beds of catalysts exist inside
or outside the membranes. Membrane reactors are in use
in biotechnology at a low temperature level. The first
high-temperature catalytic membrane reactors in
operation employed metallic palladium (or Pd alloy)
membranes. Palladium membranes were the first to be
used in catalytic membrane reactor applications because
of their specific H, permselectivity. Micro-porous
ceramic membranes can at best separate the various
gases according to the Knudsen diffusion law. Their
permeabilities are inversely proportional to the square
root of molecular weights. Zeolite or carbon membranes
and some membranes manufactured by specialized
techniques (e.g. CVD procedures) have molecular
sieving properties. Reviews on membrane reactors were
presented by Hsieh [1,2], Zaspalis and Burggraaf [3],
Saracco and Specchia [4], Zaman and Chakma [5],
Dalmon [6] and Coronas and Santamaria [7]. Models
are reviewed by Tsotsis et al. [8]. A comprehensive
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review of catalytic reactors was presented by Marcano
and Tsotsis [9].

Contrary to the previously mentioned mode of
operation, in the present paper various tubular porous
membranes will be employed as a catalyst support
whereby radial forced convective flux of reactants
through the pores is generated. In fact, it is a radial flow
reactor with narrow pores. One can imagine this reactor
as a radial flow reactor filled with catalytic pellets
whereby the pellets were crushed such that the
interstitial volume is reduced to narrow pores. The pore
size distribution has to be optimized according to
suitable criteria. The molecular sieve effect of the
membrane is not used. Owing to the forced convective
flux, which is far higher than a diffusive flux, a very
good contact between reactants and catalyst particles
can be achieved which causes a high conversion even
for very low catalyst loadings. This reactor concept was
introduced in a thesis by Fliigge [10]. The concept of
forced-flow membrane reactors with catalyst located
inside the membrane pores was reported only in very
few papers [11-14]. By varying the inlet pressure one
can control the convective flux, and as a consequence
the contact time of the reactants with the catalyst, which
in turn allows one to control the reaction selectivity to a
certain extent. This reactor can also be considered as a
short-contact-time reactor.

As an example the H,0O, decomposition at palladium
catalyst on different membranes was chosen. The H,0,
content of waste water from H,0O, plants is quite high
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and has to be degraded. Furthermore, this reaction
should serve as an example for the testing of membrane
catalysts under convective flow which, later on, should
be used for the synthesis of high-grade chemicals. Of
course, H,O; could be decomposed by suitable enzymes
too.

The objectives of the present paper are:

Table 1 Properties of the membranes employed

- Various tubular membranes under radial flux were
tested for the H,O, decomposition reaction.

- The influence of the catalyst preparation methods
was investigated (impregnation immobilization of the
catalyst, reduction).

- The Kkinetics of the H,0, decomposition was
determined.

Type of membrane Pore radii Inner diameter Outer diameter Pore volume Isoelectric
[um] [mm] [mm] [ml/g] points (pH)

1) a-Alumina 3.0 6 10 0.1038 7.4

2) a-Alumina 0.2 6 10 0.112 7.9

3) Carbon 0.14 6 10 0.215 5.75

4) Carbon fiber min. 0.1 6 9 0.169 55

5) Polyethylene 1.0 5 9 0.353 -

6) Polypropylene 0.2 55 9 2.914 -

- Extensive investigations of different membranes in a
pilot plant over a longer period of time should reveal
the suitability of catalytic membranes under radial
convective flux conditions.

- A two-dimensional model of the catalytic membrane
was developed which represents the experimental
results to a high degree of accuracy.

- The membranes were tested under real conditions by
using production plant waste water.

Experimental
Membranes and Catalyst

Five different membrane materials were employed: a-
alumina (from company PoroCer), carbon (CarboSep
M14 from TechSep (Rhone-Poulenc)), carbon fiber
(CFCC from Deutsche Carbone (Le Carbone Loraine)),
polyethylene and polypropylene (both from Microdyn).
The pore radii distributions, zero points of charge as a
function of the pH-values, and the pore volumes were
determined. Mercury porosimetry was employed for the
determination of the pore radii. The method suggested
by Brunelle [15] and Jiratova [16] was used, modified
according to a paper by Ludwig and Hénicke [17] for the
determination of the isolectric points. The pore volumes
were found by soaking the materials with ethanol. The
data obtained are presented in Table 1.

Tubular membranes were employed. The a-Alumina
membranes were temperature resistant up to 1000°C and
pressure resistant up to 40 bar. The 0.2 um membrane
was fixed on asupport which had a maximum of the pore
radii distribution at 3 pum. The carbon membrane
(CarboSep M14 from the company TechSep (Rhone
Poulenc)) consisted of a carbon support and a ZrO,-
TiO, separation layer at the inner side of the tube. The
membrane was temperature resistant up to 350°C and
pressure resistant up to
15 bar. The carbon fiber membrane was a asymmetric
carbon-carbon fiber tube with a thin separation layer of

carbon. The maximum operation temperature was
165°C and the maximum pressure 40 bar. The spectrum
of pore radii was rather broad with a minimum at 0.1
um. The maximum operation temperature of the
polyethylene and polypropylene membranes was 60°C,
and the maximum operating pressures were 1.5 and 3.0
bar, respectively.

Palladium was employed as a catalyst for
decomposition of hydrogen peroxide. The active
component should be distributed evenly over the
membrane cross section. For this purpose the
membranes were impregnated over 1 hour with a
solution of H,PdCl, (0.5 wt-% Pd). The membrane was
put into such an amount of H,PdCl, solution that the
liquid filled the pore volume exactly. The membrane
was dried for about 12 hours at room temperature.
Drying at high temperatures leads to a redistribution of
the palladium to the outer surfaces of the membrane. A
chemical immobilization of the palladium was done
after the impregnation with H,PdCl, by adding NaOH
(pH = 13.6) over 45 to 60 min. The following reaction
occurs:

PACIZ~ +40H~ - Pd(OH)7~ +4Cl- (1)

Owing to this treatment the palladium is
immobilized. Alternatively, NaCO;z; (17 wt-%, pH =
11.7) was used or the dried pellets were additionally
treated at 600°C. A liquid phase reduction was done at
room temperature by means of NaBH,:

NaBH, + 2H,O0 — NaBO, + 4H, (2)
2Pd(OH,)*" + 4H, — 2Pd + 8H,0 (3)

2Pd(OH) 5~ + NaBH, — NaBO, + 2Pd + 6H,0  (4)

Some palladium nuclei should be present for the
reduction at room temperature. The reduction solution
was set to a pH-value of 12 with NaOH in order to
precipitate the palladium. This measure prevents a
migration of the palladium to the outer surface of the



membrane. Alternatively, the reduction was done with
hydrogen diluted with nitrogen over 3 hrs at 350°C:

PA(OH) 2~ +2H, — Pd + 4H,0 (5)

The preparation methods described above led to an
evenly distributed palladium inside the membranes as
was found by experimental checking. For the carbon
membranes Xx-ray fluorescence was used for these
investigations.

Kinetics of H,O, decomposition

McKee [18] investigated the disproportionation of
diluted aquous H,O, solutions with the aid of metal
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Fig. 1 Arrhenius-plot for Al,O3

powder of the VIII group of elements. It was found that
the activity of palladium was higher than of gold.
Furthermore, a strong dependence of the rate of reaction
of the pH-value was detected (with a maximum at pH =
10 —11). The Kinetics was of first order and followed a
postulated mechanism like this:

H,0» —)HO§+H'

H»>0» — HO® + OH*

HO®* +H»,09 — HO% +H>0

HO§ +H205 - HO®* +05, +H,0
HO§+OH' —->Hy0+0,

H®*+0OH®* —H»0

2H202 —> 2H20+02 (6)

Gossner et al. [19] investigated the kinetics of H,0,
decomposition with a silver catalyst for an H,0,
concentration of less than 5 mol/l. The authors observed
that the reaction was first order for a H,O, concentration
below 0.3 mol/l and of second order for a concentration
in the range of 0.3 — 1.2 mol/l. Gossner and Bischof
[20,21] published also results on the dependence of the
pH value of H,O, at silver and gold catalysts. They
found that the reaction rate for a silver catalyst was
independent of the pH value for pH < 8 and increased
with the pH value above pH = 8. At a gold catalyst the
reaction rate increased with increasing pH value over
the entire range of the pH scale. The reaction order for a
gold catalyst was two over the whole range of H,0,
concentrations. Eley and MacMahon [22] investigated
the decomposition of highly concentrated H,0,
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solutions at wires of palladium, gold and their alloys. A
significant higher activity of gold compared to
palladium was detected. The authors found first order
reactions. Kreja [23] investigated the decomposition of
H,O, at platinum catalysts over a wide rage of H,0O,
concentration (0.005 — 0.2 mol H,0,/cm?) and different
specific catalyst surfaces. Again a first order reaction
was detected at lower and a second order reaction at
higher H,O, concentrations. The transition of the
reaction order depends on the specific catalyst surface.
Schekhobalova [24,25] measured the kinetics of H,O,
decomposition at palladium and palladium/platinum
alloys on alumina and silica supports. The alloys were
more active than the pure metals. The reaction order
was found to be about 0.7. The supports had no
influence on the reaction rate.

In order to determine the reaction kinetic expressions
for each experiment two liters of a 5 wt-% H,0, solution
were filled into a continuously stirred retort and heated
to a preset temperature. The pH-value was set to 7.
Before the experiment started the exact initial H,O,
concentration had been measured by titration with
potassium permanganate. An exactly determined
amount of catalyst powder (Pd on membrane support) of
about 2 g was filled into the retort. After certain periods
of time samples of 5 ml of the reaction mixture were
taken, and immediately separated from the catalyst
powder by filtering in order to prevent the solution from
further reaction. The present amount of H,O, was again
determined by KMnQ, titration. These measurements
were repeated at different temperatures in the range
from 20 to 50°C. An Arrhenius plot for an Al,O;
membrane is presented in Fig. 1. The experimental data
were evaluated by means of the integral and differential
method. Both approaches gave nearly the same results.
In Table 2 some results are presented. As can be
observed the reaction order with respect to the H,0,
concentration is equal to one for the present initial
concentration. The activation energies are in the order
of magnitude as found by Schekhobalova [25] (about 50
(kJ/mol)). The present authors found a transition from
kinetics of first order to second order at a H,O,
concentration of about 65g H,Oy/I.

H,0,; decomposition measurements

For the H,O, decomposition measurements an
experimental set-up as given in Fig. 2 was employed.
The liquid is pumped from a storage tank via a filter
through the membrane. Two different pumps were used,
a centrifugal pump (company Hartmann) with 2800
revolutions/min with a volume flux of 13 I/min and a
membrane pump (Prominent G5) with a maximum
volume flux of 9.54 I/min at a maximum counter
pressure of 13 bar. The set-up can be either operated at a
constant pressure or at a constant volume flux. The
membranes (length 246 mm) were fixed into a tubular
module by means of two o-ring seals (see Fig. 1b). The
seals separate the permeate volume from the retentate
and feed. At both ends of the membrane module
Swagelok fittings were screwed on. For the experiments
the membrane pump was used. The filter had a pore
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diameter of 0.45 um. Valve V1 was closed such that the
flux passed radially through the membrane. The fluxes
and the H,O, content were measured every 15 minutes.
The loading of the membranes with palladium had

Table 2 Kinetic data

nearly no influence on the fluxes compared to the
original membranes. The results of the measurements
will be discussed in a subsequent section.

Type of membrane | Pore radii Activation energy Reaction rate

[um] [kd/mol] [9/(1 - min)]
1) a-Alumina” 3.0 68.08 6.12-10'%xp(-68.08/(8.314-T))- Cy, o
2) a-Alumina® 0.2 50.05 1.99-107exp(-50.05/(8.314-T))- Cyy o,
3) Carbon® 0.14 50.05 1.99-107exp(-50.05/(8.314-T))- Cyy o,
4) Carbon” 0.14 51.61 1.34-10%xp(-51.67/(8.314-T))- Cyy o,

0.3 wt-% Pd load
% 0.06 wt-% Pd load

1°0.3 wt-% Pd load
2 0.3 wt-% Pd load

All the samples were treated with NaOH and reduced with NaBH,

V1 P
a) Membrane 1': :
NS
= V2
Module
Reactant p
P =
Product

Permeate
b) ,Swagelok-System I
Feed n— =1 Retentate
— >
— = = —
O-ring seal Membrane

Fig. 2a Flowsheet of the test bench
2b Tubular module of the membrane reactor

Modeling
The model

The membrane reactor consists of three regions: inside
the tubular membrane, the membrane, and the annulus
between the membrane and the shell (see Fig. 3). For
the membrane a two-dimensional model was introduced
and for the other two regions a one-dimensional
dispersion model was employed. These two regions are
radially perfectly mixed. For the membrane a two-
dimensional dispersion model was introduced (see Fig.
4). The fluid can be assumed as being incompressible
such that there are no convective fluxes in axial
direction inside the membrane. Now we derive a general
mass balance for the inner and shell region (see Fig. 5).
For a certain component we have the material balance
(see notation section):

on . . . &
E:nm—nout+Sm+Zij-e-dV )
j:

For the axial terms a Taylor expansion, truncated
after the first term, gives:

g = n(x +dx) = n(x) + O
ox

dx (8)

The sum of the in-and outgoing fluxes therefore is:

) on
Ry — Ny = ——dx C)]
ox
In axial direction one finds convection and
dispersion:
. oc
A(x) =u(x)Apc(x) — DAg 8_ (10)
X

The derivative with respect to the length coordinate
x gives:
02c

ou(x) 0%c
o b Ox2 } (1)

on(x) _
ox

Ap| u(x) 825;) + c(x)



Radial mass transfer occurs owing to a mass transfer
through the boundary layer and radial convection:

p out
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Fig. 3 Fluxes inside the reactor

ng+dr

(s
%

Fig. 4 Two-dimensional dispersion model of the
membrane

The material balance around the element in Fig. 5
then leads to:

2
8dV@_AR u(x )6c(x) ou(x) _Da c(x) de+
ot Ox ox2
" pout
+ ZAlﬂl (Cl - C) ¢ z Uy mys Amou,+
Moyt =
np.in
+ Z Cmin urvmin Amin + Zijé‘dV
m,-n=1 j=1
(13)
Division by & - dV = &Agzdx gives the general

expression for the material balance:
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Fig. 5 Material balance around an element

This general expression can be applied to the inner
region and the annulus, which results in:

acinner _ acmner + auinner _
ot = | Yinner o Cinner o
-D 02 Cinner
inner o2
—
+ 4 Ainner * :Binner (cmembr ~ Cinner)—
Rinner
~ Cinner ur,inner ainner]
(15)
acouter _ aCouter c auouter _
ot - outer ox outer Ox
2
-D 0 Couter +
outer axz

|
+ Qouter * ﬁouter (cmembr ~ Couter)+
R

outer

+c outer ]

membr " |Ur outer|" 4

(16)
For the membrane itself one has to introduce a two-
dimensional model.
A material balance of a component is calculated
over an arbitrary volume element dV’ (see Fig. 4).

on

— +
ot

= Nin,rad conv ~ Mout,rad conv

+ nm ax,diff — out ax,diff + nm rad,diff — (17)

_”out,rad,dzﬂ +v;r-edV

A Taylor series expansion of the axial material flux,
truncated after the first term, gives the following result:
a ax dx

Oz

gy (X 4+ dx) =1 (x) +—— (18)
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The reasonable assumption of no pressure gradients in
axial direction results in a diffusive transport in axial
direction only:

oc
1 difr = —DAp — 19
Ry diff R (19)
Thus the following result is obtained:
On gy 02c 6 c
ox :_DARax_z -D 27l7"dl" (20)

For the diffusive transport in radial direction one
obtaines an analogous expression:

Rrad dife (" +dr) = Tiaq gigr (r) + (21)

Onyad diff o
or
The radial area depends on the position. Therefore,
the following expression for the radial diffusive flux is
obtained:
oc oc
Trad diff =—DA()")5=—DI”27T dxa (22)
Partial derivation with respect to the radius results
in:
02¢ oc

a2 a EJ (23)

0N yaq Jdiff (}”)

DZd(
or

There is also a radial convective flux. Therefore, the
following relations are obtained:

flmd,conv =Upqq, (V) : C(V) : A(I’) =
A=)
=g (r=r1;)- 40) c(r)A(r) = (24)

=Upgq (r=1;) A(r =1;)- (1)

Again we obtain for the Taylor expansion:

9
. . rad ,c
Nyad conv (r+dr)= Nyad conv (x) + % -dr (25)

Partial derivation gives:

67’[ d oc
%:”m(i,conv(r:rf)'A(r:ri)g (26)
Therefore, the material balance gets the form

e-dV-%z—umd(r l)2r7r6 dxdr +
2
+ D2 2rrdxdr + (27)
2
02c
+ D27r(r dxdr + ] + RvedV
X2 or
With
dV = 2rrdrdx (28)
and recasting one obtains:
.@:_&ﬂﬁiﬂlz+BQﬁ+Dac+RQ%
ot er e or2 g 0x?

For the stationary case eqg. (29) is an elliptical partial
differential equation. In case the axial terms are dropped

the equation turns to a parabolic PDE. Initially, a constant
value for the concentration inside the inner ring of the
membrane tube is assumed. The value is equal to the
inlet concentration. Inside the membrane and outside the
tube (permeate side) initially the concentration is set to
zero. This situation is the case during start-up. The tube
inlet (x = 0) at the inner ring of the tube the
concentration equals the inlet concentration all the time
cin(x=0) = ¢,. Furthermore, it is assumed that there is no
concentration gradient at the inner and outer side of the
membrane:

acmembr | _ 6cmembr | _ 6cout | _
Ox |x:0 ox |x: I Ox |x:0 (30)
aCout =0
ox

x=L

That means there is no diffusive and dispersive flux
into the membrane. Additionally, the concentration
gradient at the inlet is set to zero. This boundary
condition is quite well fulfilled.

The model equations were solved by using the
NAG-Library [26] routines DO02NVF, DO02NUF,
DOINDF, and DO2NXF. The integrator DOINDF is a
general purpose routine for integrating the initial value
problem for a stiff system of differential equations. It is
designed specifically for the case where the Jacobian is
a sparse matrix. The program calls the sparse matrix
linear algebra setup tourine DO2NUF, and the Backward
Differentiation Formula (BDF) integrator routine
DO02NVF. DO2NXF is a sparse linear algebra diagnostic
routine.

Model parameters

Some model parameters have to be calculated. The
diffusion coefficients of the pure components in water
are calculated according to Wilke and Chang [27]:

(WMBPBT{CmZ}

ngV 3> S

D%, =7.4-10-8. (31)

For the association factor ¢ a value for water of 2.6
was taken. The molar volume V, at the normal boiling
point was calculated by means of a formula suggested
by Gunn and Yamada [28]:

2=V (1-ol) (32)
sc
whereby
Vee = RT (0292 - 0.0967w) (33)
Pe
V,? =0.33593-0.339537;,. +1.51941-T,2 — (34)
-2.02512- T3 +1.11422 - T
for (0<7,<0.8).
Ve =1.0+1.3(1-7,)05Ig(L-T,) - (35)

~0.50879(L—T,.) — 0.91534(1—T,.)2
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for (0.8 <Tr<1). for (0.2<T7,<1.0).
[ =0.29607 —0.090457, —0.04842- T2 (36)
Table 3 Data employed for the diffusivities of H,O, and O,
T.IK] | T,[K . [bar ~ 5. m3 ~|m2 —9|m2
K] K] pelbar | o Vsc (10 > r':ol) vy r v[nTolJ D 4H,0 (10 ® lmTJ)
H,0, | 730.2 | 423.35 | 209.9 0.331 3.018 0.3811 | 0.2273 | 10.63 2.88
0, 1546 | 90.2 50.4 0.025 4.309 0.3820 | 0.2268 | 16.37 2.8
. In the annulus is a permeate outlet at the position x =
Mperm X,t. Therefore, we find for the mass fluxes in the
annulus:
( ‘; 1 perm (£)% | LR X < Xy
Ly Mgy (X,1) = . 0 . X = Xout (43)
I M perm (t)x/LR M perm (t) X > Xout
uin [ uann — therm
Le { > The fluid velocities in the annulus are given by:
_’
Uy (t)QXX/LR X < Xout
X > U g (x,7) = 0 X=x,, (44
i , uy (00 (x/Lg =1 x> x,,
T inside  annulus
i, ~Membrane o inner membrane surface (45)
Fig. 6 Fluxes inside the membrane module outer membrane surface
For the partial derivatives one obtains:
Lee-Kessler formula [29 ouy,, (¢
129 Q) )51 Ly (46)
_ —Inp, —5.92714 +6.0964801 + ox
- 15.2518 —15.68750-1 — du,, (£)
37 ann _
11.28862In0 - 0.16934706 37 o UoM/Ly (47)

-13.4721In 0 + 0.4357706
0= Tb/TC

The values employed for H,O, and O, are given in
Table 3.

The axial velocities in the membrane region, the
radial velocities in the inner region, and the annulus are
neglected. The fluxes are calculated as follows (see Fig.
6). The permeate mass flow m may be expressed
by means of the ratio

perm

X= mperm ([)/mo (1) (39)

Therefore, the total permeate flux, which passes
through the membrane from the inlet up to the length x,
is given by:

mpx (x,1) = mperm (O)x/Lp =m,()yx!Lg (40)
For the mass flux inside the tube one obtains:
min (x,t) :mo (t)(l_XXILR) (41)

Assumed that the fluid has a constant density, and
the tubular cross section is constant along the tube, the
fluid velocity inside the tube is given by:

i (x,1) =y ()= yx/ Lg) (42)

For the velocity of the radial flow inside the
membrane one obtains:

up(d,1)= 1, (1) - d? [(4dLg) (48)
The inlet velocity of the fluid is given by:
u,(2) = V(9)I4 (49)

For the axial dispersion coefficient was calculated
according to Taylor and Aris [30,31]:

u2d?

2 50
192D, 0)

Ddisp =D,

For the inner tube and the annulus the values of Dy,

= 4.835 - 10° [m?/s] and D, = 2.15 - 10 [m°/s] were
used, respectively.

The mass transfer coefficient, S, was calculated
according to:

B=Sh-DIld (51)
whereby the Sherwood number is given for the laminar
region Re < 5 - 10° by:

Sh=0.33253 (Re) % (52)
and the turbulent region by

Sh = 0.0296 - Re0:8 5043 (53)
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with the Schmidt number

Sc = nl(pD) (54)
and the Reynolds number
Re = (udp)/n (55)

The input data given in Table 4 were used for all
calculations. A porosity of 0.2779 was used for the
AlLO; membrane, and of 0.1405 for the carbon
membrane.

Table 4 Input data for the calculation

Reactor length [m] 0.246
Inner diameter of the membrane [m] 0.006
Outer diameter of the membrane [m] 0.010
Position of permeate outlet [m] 0.206
Ratio of permeate flow to inlet flow 1

[]

Density of the fluid [kg/m’] 1000
Dynamic viscosity of the fluid [Pas] 0.001002

Diffusion resistance factor of the 11
solid membrane [-]
Diffusion coefficient in water [m?/s]

H,0 2.88-10°

O, 2.80-10°

Inlet concentration [mol/I] H,O 0.15588
0, 0.0

Ratio of the inner cross section to 0.81818

the annulus cross section [-]

Diameter of the outer tube [m] 0.012

Results and discussion

Conversions, fluxes and pressures were measured for
the various membranes. An example of the results for
the alumina membrane (see no. 1 in Table 1; with 0.3
wt-% Pd, immobilization of Pd with NaOH and
reduction with H,) are given in Fig. 7a/b. After 400
minutes the conversion is constant 98%, the pressure0.9
bar and the flux 16 I/h. For pore diameter of 0.2 um (no.
2 in Table 1) the conversion dropped
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Fig. 7 a) Conversion and b) pressure as a function of
time (alumina membrane)
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Fig. 8 a) Conversion and b) pressure as a function of
time (carbon membrane)

after 900 minutes from 100% to 34% and the flux
dropped owing to pore clogging. A reduction of
membrane no. 1 in Table 1 with NaBH, instead of H,
(0.3 wt-% Pd, immobilization with NaOH) gave a
constant conversion of 65%, no pore clogging was
observed. If the palladium content of this membrane
was reduced from 0.3 wt-% to 0.06 wt-% the conversion
was constantly 58% after 1500 min. If the



immobilization of palladium was done with soda the
conversion dropped continuiously down to 27%.

The carbon membrane (no. 3 in Table 1, 0.3 wt-%
Pd, immobilization with NaOH, reduction with NaBH,)
showed a constant conversion of 70% at a flux of 5.51/h
and a pressure of 7 bar (see Fig8a/b). A reduction of the
palladium content to 0.06 wt-% resulted in a decrease of
the conversion to 8% at a flux of 6 I/h. A reduction by
means of hydrogen (0.3 wt-% Pd) decreased the
conversion from 70% to 42%.

The carbon fiber membranes (no. 4 in Table 1)
showed in all cases very low conversions (max. 3%).

The polyethylen membrane (no.5 in Table 1, 0.3 wt-
% Pd, immobilization with NaOH, reduction with
NaBH,) gave a constant conversion of 20% at a flux of
14 I/h at a pressure of 4 bar. A reduction of the
palladium content to 0.15 wt-% resulted in a decrease of
the conversion to 5%. The polypropylen membrane (no.
6 in Table 1; 0.3 wt-% Pd, immobilization with NaOH,
reduction with NaBH,) revealed a conversion of only
15% at a flux of 7.5 I/h at a pressure of 4.5bar.
Therefore, the polymer membranes gave rather low
conversions.

In all cases the 0.2 um membranes showed a lower
conversion compared to the 3 pum membranes, and
clogged after a short time. As expected, a higher
palladium content led to a higher yield. Furthermore,
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Fig. 9 Activity of the catalyst as a function of the
pH value

the membranes with a load of 0.06 wt-% Pd deactivated
over the first 200 minutes. The two methods of
immobilization of palladium (NaOH, NaCO3) showed
no difference in case of the 3 um alumina membranes,
but for 0.2 um alumina membranes an immobilization
by means of NaOH resulted in a higher conversion. The
reduction with hydrogen was advantageous for the 3 um
alumina membrane compared to NaBHy; for the 0.2 um
alumina membrane it was just the opposite.

For the other membranes a higher palladium content
gave also a higher conversion. The immaobilization with
NaOH and reduction with NaBH, led for the carbon
membrane to a twice as high conversion as an
immobilization at 600°C followed by a reduction with
H,. Of considerable importance on the activity of the
catalyst is the pH-value. In the range of a pH value of 5
—11 the activity of the catalyst increased by a factor of
about nine (see Fig. 9) for the 3 um alumina membrane
(0.06 wt-% Pd). For all other membranes also a nearly
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linear increase of the catalyst activity could be observed
with increasing pH value.

The reason for this behaviour may be explained by a
mechanism in the alkaline pH region via a
perhydroxylion, namely:

H,0, +H,0 < HO35 + H30~
HO§(aq) = HO§(ads)
HOZ (ad5) < OH™ + O aqgy) (56)
O(ads) < 0.50;

H30+ +0OH- & 2H20

H202 = H20+0.502

Furthermore, an oxide layer on the catalyst surface
may be formed which reacts with perhydroxylions:

H202 ©H+HO§
MO +0O,H- <& M+0OH- +0,
M+0,H- < MO+OH-

(57)
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Fig. 10 H,O, content inside the membrane as a function
of time and length
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Fig. 11 H,0, conversion as a function of length
and radius

Increasing the temperature leads to an increased
decomposition rate, as expected from the Kkinetic
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expression. A variation of the H,O, inlet concentration
between 0.25 [g/l] and 70 [g/l] had nearly no influence
on the conversion of H,0, This was tested for
membrane number one in Table 1, for which the
immobilization was done with NaCO; and reduction
with H,. In the inlet concentration range between 0.25
[g/1] and 40 [g/I] the conversion dropped slightly from
100% to 90%; between 40 [g/l] and 70 [g/l] the
conversion increased again to 100%. This may be
explained by the change of the reaction order from one
to two at higher concentrations. As expected, an
increased volume flux, and therefore a shorter contact
time, leads to a lower conversion.

Based on the kinetics and the model discussed in the
previous sections several simulations were executed.
Examples are presented in Figs. 10/11/12. In Fig. 10 the
residual content of H,O, as a function of time and
length inside the tube is presented for membrane no. 2
in Table 1, where the immobilization was done with
NaOH and the reduction with NaBH,. After about 17 [s]
a stationary profile is achieved. Stationary profiles of
conversion as a function of the membrane radius and
length are given in Figs. 11/12. In Fig. 11 the same
membrane as in Fig. 10 was calculated. In Fig. 12 a
carbon membrane (see no. 3 in Table 1) with a Pd load
of 0.06 wt-% was employed.
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Fig. 12 H,0, conversion as a function of length
and radius
100
90+
— 80+
& 70+
< 60+
S 5ot
o 40T calculated
% 30+ Na
8 20t
10 v\mea\sured
% 25 30 35 40 45 50 55

temperature [°C]

Fig. 13 Comparison of measured and calculated
conversions

The immobilization was done by heating to 600°C, and
the reduction was executed with H,. In Figs. 13/14
measured and calculated conversions are compared for

various temperatures. As can be seen from the figures,
the coincidence is quite good.

In order to test the membranes under real conditions
waste water from a plant in Bernburg (Solvay Intox)
was investigated. For this purpose the filter was
removed from the pilot plant in order to investigate
clogging effects. Two alumina membranes were
employed (3 um, 0.2 um). For both cases a palladium
load of 0.3 wt-% was used. The membranes were
reduced with NaBH,, the immobilization of palladium
was executed by means of NaOH. For the 3 um
membrane a H,0, conversion of 100% could be
achieved at a flux of 2.3 I/h at a feed pressure of 1 bar
and a flux of 6 I/h at 2 bar. In this case the conversion
reduced to 96%. For the 0.2 um membrane the
conversion was 100% at a pressure of 1 bar and a flux of
2.5 I/h. Typical results are presented in Table 5. At a
pressure of 1 [bar] nearly all H,O, was decomposed and
no pore blocking was observed.

Conclusions

The radial convective flow is a promising alternative
for catalytic reactions. Owing to the possibility of
varying the pressure one can, at least to a certain extent,
control the yield and selectivity of reactions. This
approach may be also useful for gas/solid reactions.
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Fig. 14 Comparison of measured and calculated
conversions

Table 3 Waste water (Solvay Interox, Bernburg)

Outlet After catalytic
membrane*
Colour yellow, opaque clear
pH 7 7
H,0, [mg/l] 691 0-15
COD [mg/l] 943 866
TC [mg/1] 526 494

* 3 um alumina membranes 0.3 wt-% Pd,
immobilization with NaOH, reduction with NaBH,.



x  length coordinate [m]
£ mass transfer coefficient [m/s]
y  flow ratio [-]
¢ void fraction [-]
I coefficient [-] (see eq. 36)
n  dynamic viscosity [kg/(s - m)]
@  association factor [-]
v stoichiometric coefficient [-]
v molar volume
v, stoichiometric factor [-]
6  reduced boiling temperature [-] (see eq. 37), ratio
of inner to outer membrane surface [-] (see eg. 45)
p  density [kg/m®]
®  acentric factor [-]
Subscripts
ann annulus
ax axial
c critical
diff diffusive
disp dispersion
in into
inner  inner side of membrane

SYMBOLS

area per unit of length [m]

area [m?]

cross sectional area [m?]
concentration [mole/m?]

diameter [m]

dispersion or diffusion coefficient [m?/s]
molecular diffusion coefficient [m?/s]
inner

length of membrane [m]

mass flow [kg/s]

mole weight [g/mole]

mole number [mole]

mole flux [mol/s]

axial mole flux [mol/s]

number of components [-]
number of chemical reactions [-]
pressure [Pa]

radius [m]

rate of reaction [mol/cm® -s]
Reynolds humber [-]

total radial flux between phases [mol/s]
Schmidt number [-]

Sherwood number [-]

time [s]

temperature [K]

reduced temperature [-]

flow velocity [m/s]

average flow velocity [m/s]

volume [m?]

molar volume of diluted A at normal boiling
point [cm*/mole]

membr membrane

inlet
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out out of

outer  outer side of membrane

perm  permeate

r radial, reduced

rad radial
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