Separation of Hydrogen Using Electroless Deposited Thin-Film
Palladium-Ceramic Composite Membrane

Shamsuddin llias (ilias@ncat.edu; 910-334-7564)
Franklin G. King (king@ncat.edu; 910-334-7564)
Ting-Fang Fan (tingfang@ncat.edu; 910-334-7564)
Sabita Roy (sabita@ncat.edu; 910-334-7564)
Department of Chemical Engineering
North Carolina A&T State University
Greensboro, NC 27411

INTRODUCTION

The development ohigh temperaturemembranes taecover hydrogen is a topic of
considerable scientificnterest. Since coafjasification and several high-temperature industrial
processes generate hydrogen as a byproduct, the recovery of hydrogen is of significant commercial
importance. Many heterogeneous catalytic reactions can not achieve high conversion because of the
limit imposed by thegaction eqilibrium. For example, theahydrogenation reaction of cyclohexane,
catalyzed with platinum/alumina at 215 C in a conventional reactor, is limited to 33% conversion [1].

If, however, hydrogen is continuously removed frima reactiomrmixture through aninorganic
membrane, the equilibrium is displaced towards the product side and the conversion is increased to
nearly 80%. Since, this reaction is also favored by an incretseperature, the temperature needed

for desired conversion can be lowered. These principles can be applied to several other industrially
significant reactions where thfficiency ofthe process depends on tféectiveness of hydrogen
removal. Hence, the conversion of reactants caenb@nced dramatically if method can be
developed for recovering hydrogen at higher temperatures.

Recently, there has been increased interest in géwvglonorganic and composite membranes
for in-situ separation of hydrogen to achieve equilibrium shift in a catalytic reactor [2]. However, the
productivity ofthesemembraneaeactors iseverely limited byhe poor permeability ofcurrently
available membranes. Commercially available-pormousmembranesgre either thickilm or thick
walled tubes. Since permealbility is inversely proportional to film thg&kree thick film membrane acts
as a pooperm-separator. Thus, theajor challengdies in developing a perm-selective tHilm,
without compromising the integrity of the film.

To develop a new class of perm-selective inorganic membranes, we identified electroless
plating todeposit a thin metdilm on microporous substrate. Electroless platinthes controlled
autocatalytic deposition of a continuous film on theam@rfof a substte by the interaction 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.



OBJECTIVES

The primary objective of thiproject was to prepare and characterize a hydrogen
permselective palladium-ceransompositemembrandor high temperature gas separations and
catalytic membrane reactors. Electrolessmamethod was used to deposit a thin palladium film on
microporousceramic substrate. The objective of tpaper is to discusthe preparation and
characterization of #thin-film palladium-ceramicompositemembrandor selective separation of
hydrogen at elevated temperatures and pressures. In this paper, we also present a model to describe
the hydrogen transport through thalladium-ceramicompositemembrane in &ocurrent flow
configuration.

PROJECT DESCRIPTION
Membrane Preparation and Characterization

The majortasksinvolved inthe development of #in-film palladium-ceramicomposite
membraneare (a)electroless plating opalladium on ceramic substrai@) characterization of
palladium-ceramic composite membrane formed, © measurement and evaluation of perm-selectivity
of the composite membrane for hydrogen separation. Microporous ceramic alumina menagranes (
alumina,z 39 mm x 2 mm thickness, nominal pore size 150 nm and open pordsitp obtained
from Velterop Ceramic Membrane Company of the Netherlands) were coated with a thin palladium
flm by electroless plating. Electroless plating #heee step processvolving pretreatment of the
substrate, sensitization and activation of the substrate surface, and electroless plating. The details of
the platingprocedures and formulations thfe plating solutionsare reporteclsewhere 3]. The
palladium-ceramic membranasere studied by taking SEMscanning electron microscope)
micrographs, EDX (energy-dispersive X-ray) analysis and measuring the thickness of the coated film
by a weight-gain method.

Permeability Measurements

A steady state countéiffusion method,using gas chromatographanalysiswas used to
evaluate the permeability and stieity of the composite palladium membrane for hydrogen separa-
tion. The membraneswere evaluated for hydrogen separation by conducting permeability
measurements with hydrogen and argon at various temperaturdsaasighembrane pressure
differentials. The permeabilitytestingassemblyconsisted of gas sourcesgiffusion cell, a tubular
furnace, rotameters and a gas chromatograph. Experimental details are reported elsewhere [3].

Modeling of Gas Separation Module

The permeation of hydrogen througlpaladiumfiim is a complexprocess. The process
begins with sorption of hydrogen molecules on the film surface and ends with hydrogen desorption
from the ceramic substrate. It is believed that the hydrogen molecule dissociates into hydrogen atoms
on one side of the film. The hydrogen atoms then diffuse through thenidmeassociate on the other



side. Sincdhe reactiorkinetics of formation of hydrogen atoms franolecules andhe reverse
reaction areassumed to be vefgst, the permeation of the hydrogen atoms through the film is the
rate limitingstep. Thepermeability can beonsidered aproduct ofsolubility anddiffusivity. The
permeation rate of hydrogen can be given by [4]:

J, = %[(an)” - (pyn)] (1)

If diffusion through the bulk metal is the rate limiting step and hyeincatoms form an ideal solution

in the metal, then Sievert's law hydrogesubility dependence holds and n is equal16. The
hydrogen flux is inversely proportional to the palladium film thickness (h) when the bulk diffusion is
the rate limiing step. In case gbolymeric membranahere selectivéransport of a gas is by a
solution-diffusion process, the index n in Egn. (1) has always been taken as 1. For thin-film palladium-
ceramic compositenembrane, since n liggetween 0.5 to 1.0, thaesigns of membrane modules
require detailed analysis of flow patterns for gas separations using Eqgn. (1). In this paper, we present
a generalized mathematical modi@t a cocurrenflow pattern in anembraneseparatomwith n

varying from 0.5 to 1.0 which depend on the type of membrane used.

Figure 1 illustrates a singermeation stage of gas separation by permeation with cocurrent
plug flow on both sides of the membrane. In this flow pattern, the concentrations and flow rates of
the feed and sweep gases are fixed. The design problem is to determine the states of the product and
residue gas streams and membrane area requirement for a desired residue or product concentration.
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Figure 1. Schematic of Co-Current Flow Patterns of Gas Separation Module

The material and component balances between the inlet and at any point along the membrane,
under certain simplifying assumptions, may be given as:

L+V=1L V. LX, = Vo = LiXer = ViYar
Lx = L;X; = constant; Vy, = Vyy; = constant (2a,b,c)
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The rates of permeation of the permeable components per unit membrane area are given by:
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Equations (3a,b) along with the material balance Eqns. (2a,b,c) are solved subject to initial conditions:
At S=0, L=L; X=X X =% and V=V, y =y, Y =Y

The equations were solved numerically to evaluate the performance of the membrane module. The
details of the model developments and solution methodology is given elsewhere [5].

RESULTS AND DISCUSSIONS

Thin-film, Pd-ceramic compositmembranenvas developed by electroless deposition of
palladium onplanar ceramic substratdwo sample Pd-ceramicompositemembraneswvere
fabricated andtested forhydrogen separation atigh temperatures. Thenembraneswere
characterized by SEM and EDX analysis. The EDX analysis of the membrane specimen showed that
the palladiunfilm wasessentiallypure. SEMmicrographs of the compositeembrane specimen
showed that the substrate pores wetly covered bysolid palladiumfilm. No pin holes were
detected. The membrane specimens were fabricated by electroless deposition method as discussed.
The palladium film thicknesses were estimated to be 8.5 pm and 12 pwelyhé-gain method. The
permeabilityexperimentavere conducted in diffusion cell attemperatures of 373K, 473K and
573K. The pressures on the high-pressure side ranged #@rkPa to 240 kPa and the low pressure
side was maintained at about 136 kPa. Based on Eqn. (1), the hydrogen flux data were analyzed to
estimate the value of n by using the Marquardt-Levenberg non-linear least squares method. For the
8.5 um and 12 priilms, the average®alues of nwvere estimated as 0.778 and 0.501, respectively.
From this analysis, iappears that palladiumfilm of 12 pum thickness approacheke limiting
definition of dense Pd-film according to Sievert's law.

Table 1 shows measured hydrogen permeability data at specific temperatures along with that
reported by Collinand Way [6]. In their work, Collins & Way used ceramic substrate with 200 nm
pore and hydrogen permeability measurements penfermed at temperatures in the range of 773K
to 873K. In our work, we used ceramic substrate with 150 nm poteydnolgen permeabilities were
measured at temperatures in the range of 373K to 573K. Although the palladium thicknesses were
not same, one can use Arrhenius type equation to extrapolate the



TABLE 1. Summary of Hydrogen Permeability Data at Specific Temperatures for
Palladium-Ceramic Composite Membranes

Membrane Description Temperature Perme%bility
(K) (Py)
8.5 um Pd-film on ceramic 373 7.62x%0
membrane with 150 nm pore 473 1.16%10
(n=0.778) 573 1.46x1D
12 pm Pd-film on ceramic 373 8.84x910
membrane with 150 nm pore 473 2.47%10
(n=0.501) 573 3.87x19
17 pm Pd-film on ceramic 723 2.34x90
membran*e with 200 nm pore 773 4.04%10
(n=0.573) 823 6.82x10
11.4 pm Pd-film on ceramic 823 3.23%10
membran*e with 200 nm pore 873 5.84%10
(n=0.580)

" This work [3]

™ Collins & Way [6]

* Permeability, P (mah/m?sPd')

TABLE 2. Computed Hydrogeermeability Using P =3 exp (F/RT) at
Indicated Temperatures for New Palladium-Ceramic Composite Membranes:
Pio = 4.99x10 mol-m/m’-s-Pd'; , = 5,684 J/mol for 8.5 um Pd-film
Pio = 6.63x10 mol-m/m’-s-Pd'; B, = 12,995 J/mol for 12 um Pd-film

Membrane Description Temperature Permeability
(K) (Py)
8.5 um Pd-film on ceramic 773 2.02x10
membrane with 150 nm pore 823 2.14%10
(n=0.778) 873 2.24x10
12 pm Pd-film on ceramic 773 8.39x40
membrane with 150 nm pore 823 9.52%10
(n=0.501) 873 1.06x10




hydrogen permeabilities at different temperatures. Table 2 presempsiied hydrogen permeabilities
of our membranes at temperatures similar to that of Collins &[B]ayhe results clearly shows that
the electroless plategohlladium-ceramicompositemembranes developed in twisrk provides
significantly higher hydrogen permeability.

For a cocurrent permeati@ell, weconducted a parametric study of the effects of various
operating parameters on the separation process. The factors considered were stage-cut, selectivity,
pressure rationembranearea andnembrane specificharacteristic index, n. Figure 2 shows the
variation of enrichmentactor as afunction of membrane selectivity witbressure ratio as a
parameter. Theexample showrhere is for cocurrent permeatiavith n=0.501, and the feed
composition (morgermeableomponent, hydrogerhanging fron0.71 at the inlet to 0.40 mole
fraction as residue. The results show that with decreasing pressure ratio (increasing pressure on the
feed side), nearly pure permeate may be obtained at relatively high membrane selectivity. However,
at high pressure ratio the membrane selectivity has marginal effect on permeate purity.

The effect membrane surfacarea on residue concentration is shown in Figure 3 for
various pressure ratio. In this example, membrane selectivity is taken as 650 with n=0.501, feed flow
rate 1 mol/s anthe low pressurside pressure asldar. The results indicatbatwith increasing
pressure, a larger membrasrea would be required for tlsame residueoncentration. In other
words, for a given membrane module area higher separation (low residue concentration) is achieved
if the module is operated at low pressure ratios.

CONCLUSIONS

A thin-film palladium-ceramic composite membrane was developed by depositing palladium
on ceramic substrate by electroless plating. Permeability measurements at elevated temperatures and
pressures showed that the composiEmbrane has a very high permeabitityd selectivity for
hydrogen. The thickness of Pd-film dictate the hydrogen flux through the composite membrane. As
the film thickness increases, on&yapproach the case of thick dense metélhic. Based on this
work, it appears that im thickness of 12 pm approaché&e limit of densefilm (with index n
estimated as 0.501). A mathematical model is presented to describe the performance of a cocurrent
permeation cellThe modelncludesthe effect of membrane specifaharacteristic index which
varies from 0.5 to 1.0. We believe that the new Pd-ceramic composite membrane has great potential
in hightemperature hydrogen separations ar@nbranegeactors if thdabricationprocess can be
perfected.
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Figure 2. Effect of pressure ratio cenrichmenfactor as dunction of membrane

selectivity in a cocurrent permeation cell (n=0.501, mole fraction of hydrogen in feed,
x~=0.71 and residue,x =0.4)
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Figure 3. Effect of pressure ratio on residue concentration as a function of membrane
area (n=0.501,,x =0.7&=650, p=1 bar, L =1 mol/s).
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NOMENCLATURE

h Membrane thickness, m

L Feed-side flow rate, mol/hr

L; Inlet feed flow rate, mol/hr

P Feed-side pressure, Pa

p Permeate-side pressure, Pa

Q, Membrane permeability of more permeable component A, mofm/m "r-Pa

Q, Membrane permeability of less permeable component B, mdt-m/m hr-Pa

S  Membrane area,’m

V  Permeate-side flow rate, mol/hr

V; Sweep gas flow rate, mol/hr

Xs  mole fractions in feed side (a=more permealidess permeable, af=fegds, aw=residue,
I=inert, if=inert in feed gas, iw=inert in residue)

ys mole fractions in permeate side (a=more permediskess permeable, af=feed inlet end,
aw=residue end, I=inert, if=inert in feed inlet end, iw=inert at residue end)

o«  Membrane selectivity, Q /Q

Y p/P, permeate to feed pressure ratio
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