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OBJECTIVES

The primary objective of this study was
to prepare and characterize a hydrogen
permselective palladium-ceramic composite
membrane for high temperature gas
separations and catalytic membrane reactors.
Electroless plating method was used as a
potential route to deposit a thin palladium
film on microporous ceramic substrate. The
objectives of the work presented here were
to characterize the new Pd-ceramic
composite membrane by SEM and EDX
analysis and to carry out fundamental
permeability measurements of the membrane
at elevated temperatures and pressures.

BACKGROUND INFORMATION

From environmental and energy consid-

" erations, it is generally recognized that
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membrane separation processes could be-
come wide spread in industrial applications.
In recent years, considerable attention has
focused on combining the unit operations of
separation and reaction to provide purer
products by shifting of thermodynamic
equilibria [1-3]. The use of membranes to
remove products from the reaction zone has
obvious industrial interest since it provides
lower reaction temperatures, smaller
reactors, and reduced downstream separation
costs.




The potential application of membranes
in high temperature gas separation and
reactor technology have been recognized by
many investigators. For example, in the coal
gasification process, the exit gases are
normally hydrogen, carbon monoxide,
carbon dioxide, hydrogen sulfide, and water
vapor. The objective is to obtain hydrogen
from this gas mixture. Currently, it is
uneconomical to recover hydrogen because
no suitable recovery method exists that can
be implemented at high temperatures and
pressures. This process’ economics is
improved if hydrogen can be recovered at a
lower cost.

Many heterogeneous catalytic reactions’
can not reach high conversions because of
the limits imposed by the reaction
equilibrium. For example, the
dehydrogenation reaction of cyclohexane,
catalyzed with platinum/alumina at 215°C in
a conventional reactor, is limited to 33%
conversion [3]. If, however, the product
hydrogen is continuously removed from the
reaction mixture through an inorganic
membrane, the equilibrium is displaced
towards the product side and the conversion
has been shown to increase to nearly 80%.
Since, this reaction is favored by an increase
in temperature, it can also be said that the
temperature needed for desired conversion
can be lowered. This principle can be
applied to several other industrially
significant reactions. The efficiency of the
process depends on the effectiveness of
hydrogen removal. Hence, the conversion of
reactants can be enhanced dramatically if a
method can be developed for recovering
hydrogen at higher temperatures.

Recently, there has been increased
interest in developing inorganic and
composite membranes for in-situ separation
of product hydrogen to achieve equilibrium
shift in catalytic reactor [4-7]. However, the
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productivity of these membrane reactors are
severely limited by the poor permeability of
currently available membranes.
Commercially available non-porous
membranes are either thick film or thick
walled tubes. Since, permeability is
inversely proportional to film thickness, a
thick film membrane acts as a poor perm-
separator. Thus, a major challenge lies in
developing a permselective thin film,
without compromising the integrity of the
film. The success of membranes in these
applications will largely depend on the
availability of membranes with acceptable
permselectivity and thermal stability [S].
The availability of such a membrane for
high temperature application could open new
areas of research in membrane reactor
technology and gas separation.

The development of a process for pro-
ducing ultra-thin, defect-free composite
membranes is important. If such a process is
to be developed in a generally applicable
form for use with most advanced materials,
a high-productivity, high-selectivity coating
must be applied on an inexpensive support.
To develop a new class of permselective
inorganic membranes, we have used
electroless plating to deposit a palladium
thin-film on a microporous ceramic substrate
[8]. Electroless plating is a controlled
autocatalytic deposition of continuous film
on the surface of a substrate by the
interactions of a metal salt and a chemical
reducing agent. This method can be used to
make thin films of metals, alloys and
composites on both conducting and
nonconducting surfaces.

PROJECT DESCRIPTION

Electroless Plating of Ceramic Substrate

Microporous ceramic alumina




membranes (a-alumina, ¢ 39 mm X 2 mm
thickness, nominal pore size 150 nm and
open porosity = 42%) were coated with a
thin palladium film by electroless plating.
Electroless plating is explained by a
combination of the cathodic deposition of
metal and the anodic oxidation of reductant
at the immersion potential.

Electroless plating is a three step
process involving pretreatment of the
substrate, sensitization and activation of the
substrate surface, and electroless plating.
The procedure developed in this work for
electroless deposition of palladium thin film
on microporous ceramic substrate has been
reported elsewhere [8].

Membrane Characterization

The characterization of the membrane
included the physical property study as well
as the diffusion measurements. The
membranes were studied by taking SEM
micrograph, EDX analysis and measuring
the thickness of the coated film. A steady
state counter diffusion method, using gas
chromatographic analysis, was used to
evaluate the permeability and selectivity of
the composite palladium membrane for
hydrogen separation. A schematic of the
permeability measurement system is shown
in Figure 1.

RESULTS

In this work, thin-film Pd-ceramic
composite membrane was developed by
electroless deposition of palladium on planar
ceramic substrate. The new membrane was
characterized and evaluated for hydrogen
separation at high temperatures.

The composition of the palladium-
ceramic composite membrane surface was
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evaluated by EDX analysis. The EDX
analysis of the membrane specimen is shown
in Figure 2. The analysis showed that the
palladium film deposited on the ceramic
substrate is highly pure. The film thickness
was estimated by weight gain method.

In Figure 3, the SEM micrographs of a
composite membrane specimen are shown
for the ceramic substrate, sensitized and
activated substrate surface and the
electroless deposited palladium film on
ceramic substrate. From SEM micrographs,
no significant surface modifications were
observed after the substrate was activated
and sensitized. The pore size remained more
or less the same. However, after the
coating, the surface structure changed
dramatically. Pores were fully covered by
solid palladium film and no pin holes were
detected.

Steady state method was used to
measure the effective diffusivity of hydrogen
through the ceramic substrate. Experiments
were conducted at an operating pressure of
S psig with zero transmembrane pressure
and temperatures ranging from 28°C to
225°C. Figure 4 suggests that the
relationship  between  diffusivity and
temperature can be correlated as following:

-E

D, = D_exp|—2
e €0 xp( RT)

)

where R is the universal gas constant
(F-mole!-X'), T is the absolute
temperature (K), D, is the pre-exponential
factor in the Arrhenius relationship for
hydrogen diffusivity (cm?-sec™) and Ej is
the apparent diffusivity activation energy of
the substrate (J-mole?). The effective
diffusion coefficient, D, at other
temperatures can be calculated using the




above equation once the D, and -Ep/R are
known from the linear plot of Figure 4.

Effect of temperatures at various
transmembrane pressure drop on hydrogen
transport through the substrate was a also
investigated in this work. For a porous
membrane, one would expect the flux to
obey the following relationship with n=1:

N = D
B RT d

(Pa)y, = (P H,)j,] @

For the experimental hydrogen flux data, the
value of n was estimated by using the
Marquardt-Levenberg non-linear least square
analysis and was found to be 1.0003. A
value of n equal to 1 implies that the
transport of hydrogen through the substrate
is not solubility dependent. Given the
experimental uncertainty, it will be fair to
say that in our case the transport of
hydrogen through the substrate is solubility
independent and n is taken as 1. With
increasing pressure drop at a given
temperature, the hydrogen flux through the
substrate is seen to increase. However, with
increasing temperature, the flux was
observed to decrease. The results are shown
in Figure 5.

Two thin-film palladium-ceramic
membrane specimens were fabricated by
electroless deposition method as discussed in
the previous section. By weight-gain
method, the palladium film thicknesses were
estimated to be 8.5 ym and 12 um. The
permeability experiments were conducted at
temperatures of 373K, 473K and 573K. The
pressure on the high pressure side ranged
from 10 psig to 20 psig and the low pressure
side was maintained at 5 psig in all
permeability measurement experiments.
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The hydrogen flux through metallic
dense film may be described by [9]:

- PH n n
NHz B T[(PHZ)Hz B (Pﬁz)A,] (3)

where Py is the permeability coefficient and
h is film thickness. When diffusion through
the bulk metal is the rate limiting step, and
hydrogen atoms form ideal solution in the
metal, then according to Sievert’s law
hydrogen solubility dependence n equals to
0.5. However, a value of n greater than 0.5
may result when surface processes influence
the permeation rate or when the Sievert’s
law is not followed.

Based on Eqn. (3), the hydrogen flux
data were analyzed to estimate the value of
n by using the Marquardt-Levenberg non-
linear least square method. For the 8.5 um
and 12 pm films, the average values of n
were estimated as 0.778 and 0.5006,
respectively. From this analysis, it appears
that a palladium film of 12 um thickness
approaches the limiting definition of dense
Pd-film according to Sievert’s law.

With average values of n equal to 0.778
and 0.5006 for 8.5 pm and 12 pm Pd-film
composite membranes, the hydrogen fluxes
are plotted against driving force ((P)w" -
(Pu)as) in Figures 6 and 7, respectively. At
a given temperature, the slope of the line
provides value of Py/h. Since the membrane
film thickness is known, one may calculate
the membrane permeability from the known
slopes of the lines at various temperatures as
shown in Figures 6 and 7. From these
Figures, it can be seen that the hydrogen
fluxes increase with increasing temperature
at a given driving force (P)w." - Pi)ad)-
This flux behavior is exactly opposite to
what we observed in the case of substrate




(Figure 5). This is not an unexpected
results. It suggests that a substrate coated
with a selective separating layer, the flux of
the selective gas component can be increased
by increasing the temperature. Therefore,
the new membrane will be suitable for
separation of hydrogen at high temperatures.

FUTURE WORK

During the next fifteen months of the
project, we plan to work on the following
tasks:

O Evaluate the fabricated membrane for
permeability and selectivity of hydrogen
in presence of other gases such as
argon, methane, nitrogen and carbon
dioxide.

O Evaluate the economics of recovery of
hydrogen from coal gasification process
using 'the new thin film palladium-
ceramic composite membrane.

O Extend this membrane development

work to palladium-alloy ceramic

composite membrane for hydrogen

separation.
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Figure 1. Schematic of Permeability Measurement Setup
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Figure 2. EDX Analysis of Electroless Deposited Palladium Film on Ceramic Substrate
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Figure 3. SEM Micrographs of Palladium-Ceramic Composite Membrane: (a) Sample
Specimen, (b) SEM of Substrate, (¢) SEM of Sensitized and Activated Substrate Surface, and
(d) SEM of Electroless Deposited Palladium Film on Ceramic Substrate
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Figure 4. Correlation of Effective Diffusivity of Hydrogen with Temperature for the Ceramic
Substrate
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Figure 5. Effect of Transmembrane Hydrogen Partial Pressure Difference on Fluxes at various
Temperatures Through Ceramic Substrate
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Figure 6. Effect of Driving Force ((Pyy)m"-(Pi)ar) on Fluxes at various Temperatures Through
Palladium-Ceramic Composite Membrane with Film Thickness of 8.5 pm (n=0.778)
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Figure 7. Effect of Driving Force (i) (Pi)ar) on Fluxes at various Temperatures Through
Palladium-Ceramic Composite Membrane with Film Thickness of 12 pm (n=0.5006)
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