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Abstract: The production of CO-free hydrogen streams for feeding PEM-Fuel Cells using catalytic zeolite membrane
reactors was analysed by means of selective oxidation. Tubular FAU (Na-Y) zeolite membranes, prepared by a secondary
growth method and Pt-loaded, were used in a flow-through MR configuration. The catalytic tests were carried out at 200°C
and at different pressures with a simulated dry reformate shifted gas mixture (H ca. 60%, CO 1%, plus Oa, Ny, COs). The
operative O»/CO stoichiometric equivalent feed ratio was ) = 2. These catalytic tests, reducing the CO concentration down
to 10~50 ppm, verified the possibility of MR integration after using a low temperature water-gas shift unit of a fuel

processor to convert hydrocarbons into hydrogen-rich gas.

Keywords: Pt-Y zeolite, catalytic membrane, membrane reactors, CO selox

1. Introduction

Fuel cells with proton exchange membrane (PEM-FCs)
operating at low temperatures (around 80°C) are being
actively developed for portable and transportation pow-
er applications. However, small amounts (10~100
ppm) of carbon monoxide in the hydrogen feed dra-
matically reduce the FC performance[1]. H, - rich mix-
tures obtained from reforming or partial oxidation still
contain ca. 1% CO, even after using a low temperature
water-gas-shift reactor.

CO selective oxidation (Selox) is widely recognized
as the most simple and cost-effective approach for the
final purification of H, - rich streams without sig-
nificant hydrogen losses[2]. Typically, Pt-supported cat-
alysts are used[3], in the form of fixed bed or mono-
liths{2,4,5,6]; the use of catalytic membrane reactors
(MRs) has been recently investigated in a few papers
[7-9].
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Zeolite supported catalysts proved able to promote
CO oxidation selectively also owing to the “molecular
sieve effect”[10]. CO and O;, having larger molecular
sizes and also higher chemisorbing properties than H,,
are more adsorbed on the catalysts in the zeolite pores
than the conventional alumina supported catalysts.

The combination of zeolite membranes with chem-
ical reactors in multifunctional applications owing to
their thermal and chemical resistance and easy catalytic
activation is an interesting possibility. In the catalytic
membrane the zeolite molecular sieve effect works in
synergy with the Pt catalytic activity, resulting in an
assemblage of nanoreactors. These catalytic MRs have
numerous advantages over conventional fixed bed re-
actors: the catalytic surface directly available, reduced
by-pass problems and small pressure drop. Moreaover,
the unidirectional transport in the zeolite layer sub-
stitutes a counterdiffusion transport of catalyst pellets,
with the potential of intensified catalysis and increased
selectivity[11]. '

Different methods for the controlled preparation of
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supported zeolite membranes by seeding technique
(secondary growth) have been established. The secon-
dary growth method, decoupling zeolite nucleation
from crystal growth, allows optimising the conditions
of each step independently, suppressing the secondary
nucleation{12].

In the present work, tubular supported zeolite mem-
branes (Na-Y), prepared with a secondary growth,
were used. The Y-type (FAU) zeolite has large pores
of 0.74 nm with 1.3 nm cavities[13]. These membranes
were Pt-loaded by ion-exchange and their application in
MRs was analysed for CO Selox., considering a flow-
through MR configuration at 200°C. The feed streams
simulated a dry reformate shifted gas stream after its
upgrading by means of a high and low temperature
water gas shift (H, ca. 60% and CO 1%). The CO; was
added in the feed for a more realistic evaluation.

Different pressures (up to 540 kPa) were considered
since Steam reforming is conducted at elevated pres-
sures (about 800~ 1,100 kPa) and higher pressures are
preferred in industry to minimize reactor size and en-

ergy use.
2. Materials and Methods

Tubular Na-Y zeolite membranes were prepared by
means of the secondary growth method (Fig. 1).

The materials used for the membrane preparation are
listed in Table 1. Zeolite crystals were seeded on the
support for implanting nucleation sites; the crystal
growth was accomplished by means of a hydrothermal
treatment. The zeolite layer was created on the inner
surface of the supports; therefore, it is protected against
mechanical damage during the module assembly.

The seeding was accomplished in two different
ways[14], while the hydrothermal treatment was identi-
cal:

1. Membrane Al prepared on support with dyore = 60

nm;

2. Membranes Bl and B2 prepared on support with

dpore = 100 nm>

Korean Membrane J. Vol. 8, No. 1, 2006

(oo ) + () ——> (Gommroom

Mixing ”ﬂ +
VL

Sodium Y, (Sodium silicate Sodium ) + (Delonized —
[aluminateJ [ solution j+Lhydmx'\deJ [ water ]—bLSYntheSIssoutlon]

é R R A
Washing and I
drying

AT

Zeotite membrane

Fig. 1. Scheme of the preparation of zeolite (FAU)
supported membranes.

Table 1. Materials Used in the Membrane Preparation

Supports:
@ -ALOs tubes (Inocermic GmbH, Germany)
LD. = 7 mm
OD. = 10 mm
inner layer dpore = 100 nm and 60 nm
Seeds:

Molecular sieve-Na-X (Aldrich), ca. 2 um in size

Reagents:
Sodium aluminate (Carlo Erba Reagenti)
Sodium silicate solution (Aldrich)

Sodium hydroxide (NaOH pellets, 97%, Carlo Erba
Reagenti)

Deionised water

The catalytic Pt-Y membranes were obtained from
Na-Y membranes by means of ion-exchange. Before
catalytic tests the Pt-Y membrane were calcined in air
at 250°C and reduced in H, to obtain the platinum
metallic form[14].

Scanning electron microscopy (SEM) using a Cam-
bridge Zeiss LEO 400 microscope was employed for
checking the surface morphology and thickness of the
zeolite layer over the support surface. Energy dis-
persive X-ray (EDX) performed with EDAX-Phoenix
(SUTW Detector, analyzer: Si/Li crystal) was used to
investigate the presence of siliceous species -in the po-
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rous support. Powder X-ray diffractometry (XRD) with
a Philips PW 1730/10 X-ray diffractometer (using
Ni-filtered Cu Kgi+ Kgo, A = 1.542 A) was per-
formed on the material scratched from the surface of
the samples.

The membrane quality was evaluated by permeation
tests with pure gases (H, and N) at room temperature.
The trans-membrane pressure difference (APT ™, the
permeation driving force, was set by controlling the
pressure at the feed side, with atmospheric pressure on
the permeate side. No sweep-gas was used. The per-
meating flux (J) was measured in steady state by
means of soap flow meters, and then used for calculat-

ing the gas permeance:

J
Permeance= e M

The ratio of the permeances of two pure gases
measured in the same conditions is the ideal separation
factor (SF).

The reactions involved in the Selox process are:

1. CO oxidation

2 CO + Oy — 2 CO; desired

2. H» oxidation

2H, + 0, — 2 HO0
3. Reverse water gas shift
CO, +H, = CO + HO
4, Methanation
CO + 3H, = CH; + H,O

While water gas shift is beneficial in its forward di-
rection, methanation reactions are always detrimental
and should be avoided. As also observed in this work,
methanation does not occur over Pt-based catalysts. As
a result, CO is exclusively converted to CO,.

The process parameter 4, the O./CO stoichiometric
equivalent feed ratio, is a function of the molar flow

rates of oxygen and carbon monoxide:

Feed
FOZ

Feed
feo

A=2

@

The CO and the O, conversions were based on the
oxygen and the carbon monoxide consumption, re-
spectively, using the inlet and outlet measured flow
rates (Fj).

Feed Permeate
_ Foo —Feo

X =
co FCFSed (3 )

Feed Permeate
_ F o2 -F o2

Xy, = 4
02 F(;:;ed ( )

The selectivity to CO, (desired reaction) was calcu-
lated as the ratio of O, consumed for the CO oxidation
over the total O, consumption:

S— l ( FCF(;ed _ FCP‘;nneate _
- 2 FFeed _FPermea\e
o s)
_ l X co
A X,

It is known that CO conversion is higher at higher
A; but as A increases, the selectivity toward CO de-
creases, consuming more Ho.

The CO, formation is linearly related to the CO con-
version and hence to the stream upgrade value.
Therefore, catalyst efficiency, defined as CO, yield, in-
dicative of the CO removal with effective oxygen use,
was calculated as the ratio between the CO, outlet

flow rate to the O, feed flow rate:

FFormed

YCOQ — ~coz2 (6)

Feed
F 02

By using the O, conversion (Eq. 4), selectivity (Eq. 5)
and CO conversion (Eq. 3), Eq. 6 can be rewritten as:

Formed Reacted Feed Permeare
_ Fz:oz _Fco Foo _Fco 2

co = e = e =2X, S= Fof;eed :'/{XCO @)
The reaction tests were performed in a flow-through

Korean Membrane J. Vol. 8, No. 1, 2006
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Fig. 2. Tubular MR Flow-through configuration used in the reaction tests.

Table 2. Feed Gas Molar Compositions and Operating Conditions Used in the Reaction Experiments

CO N2 CO H, 0, A T P
% % % % % - °C kPa

37 - Bal. 1.1 2.2 100~400
Membrane Al

23 15 Bal. 100~400

1 200

Membrane Bl 37 - Bal. 1 200~300
Membrane B2 37 - Bal. 1 170~ 540

MR operating in continuous mode: the reactant mixture
forced through the membrane (Fig. 2).

The reaction pressure was varied by means of a reg-
ulation valve on the outlet stream. The MR module
was placed into a furnace with PID control. The feed
flow rate of all inlet gases was fixed by using mass
flow controllers (MFCs, Brooks Instrument). The MR
outlet stream composition was analyzed by a micro-
gaschromatograph (Micro GC 3000A, Agilent) equip-
ped with TCD detectors and Molsieve SA PLOT and
PLOT Q columns. The CO detection limit was 5 ppm.

The CO conversion and selectivity were determined
periodically until the reaction reached steady state.

The feed compositions and the operating conditions
considered are reported in Table 2.

Desirably, the O, required for the Selox reaction is
about two times the stoichiometric amount required to
react the CO in the reformate. If the amount of O, ex-
ceeds the stoichiometric amount needed about twice,
excessive consumption of H, results. On the other hand,
insufficient CO oxidation will occur if the amount of
O is substantially less than about twice the stoichio-
metric amount needed. Therefore, the catalytic tests

were carried out at 4 = 2~2.2.

Korean Membrane J. Vol. 8, No. 1, 2006

3. Results and Discussion

The XRD analyses confirmed the presence of FAU
topology on the support surface. EDX analyses con-
firmed the absence of the silicon species across the
support pores, this data verified the absence of the
synthesis solution infiltration in the support pores dur-
ing the hydrothermal treatment.

Fig. 3-a reports the hydrogen permeance measured at
room temperature for the Na-Y membranes prepared
with different seeding conditions. The permeation data
indicate that a better quality for membranes B1 and B2
(support dpore = 100 nm) which present lower per-
meance and higher selectivity than the A1 membrane
(support dpore = 60 nm).

The Ho/N; ideal separation factor is reported in Fig,
3-b; it is less than 4. Higher values are not expected
because these molecules have kinetic diameters sig-
nificantly smaller than NaY membrane pores; however,
in the present work, the catalytic activity in the CO
Selox reaction is principal role of the FAU mem-
branes.

The better permeation properties of membranes Bl
and B2 are also related to a higher permeance reduc-
tion with respect to the bare support (Fig. 4). A better
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Fig. 4. H, permeance reduction for the Na-Y membranes
with respect to the bare supports.

support coverage was achieved for membranes B1 and
B2 even if they were prepared using 100 nm supports,
which are more permeable than the 60 nm ones.

Fig. 5 a~d compare the cross-section and top-view
of a zeolitic membrane and the bare support (dpore =
100 nm). A clear modification of the support cross
section is shown. The zeolite layer (25 pm) is very
compact and uniform with small (1.5~2.5 pm) and
well intergrown crystals on the support surface.

The results of the catalytic tests on the three different
PtY membranes are presented in the following figures.

Fig. 6 reports the steady-state values of CO con-

version versus the selectivity measured at 200°C for

the three membranes. High activity of CO oxidation
means reduced size of catalytic membrane reactor,
while high CO: selectivity means better O, use.
However, working at A = 2 a complete CO conversion
can be achieved with a selectivity around 50%.

Membranes Bl and B2 provided very low CO con-
centration in the MR outlet with a higher selectivity
than membrane Al. The increase in the reaction pres-
sure was advantageous for CO conversion, but resulted
in a lower selectivity.

Fig. 7 reports the reaction data as CO, yield versus
CO conversion. The experimental data are lined up on
the line with a slope 2/ 1. An efficient and selective
system should be located, on this line, in the diagram
upper part (total CO conversion and high CO, yield).
Therefore, the increase in the reaction pressure is use-
ful in improving both CO conversion and CO» yield
owing 1{o the increasing role of adsorption (in- creas-
ing loadings) with increasing pressure. Even if the se-
lectivity was reduced by increasing the reaction pres-
sure (Fig. 6), however, both CO conversion and CO;
yield were improved (Fig. 7).

The CO concentration measured at the MR exit at
steady state conditions, varying the operating pressure is
reported in Fig. 8. The increase in the reaction pressure
resulted in a better CO removal for all the MRs
considered. This effect is more marked for membrane Al.

Korean Membrane J. Vol. 8, No. 1, 2006
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Fig. 5. SEM analysis: (a) cross section and (b) top-view of «-ALOs support (doore = 100 nm); (c) cross section and (d)

top-view of Bl membrane.
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Fig. 6. CO conversion versus the selectivity measured at
200°C.
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However, good results were obtained in terms of CO
reduction with membranes Bl and B2 that effectively
lowered the CO amount to less than 30 ppm, also at
low pressure values. Therefore, ca. 2 times the stoi-
chiometric amount of oxygen (O-/CO = 1) was enough
to completely oxidize 10,000 ppm (1%) CO.

A deep CO removal (c. 10 ppm) was achieved also
for membrane A1 operating at 400 kPa and no CO, in
the feed. The addition of CO, (15%) to the Al feed
stream slightly reduced the MR performance (Fig. 8,
open squares). A more pronounced CO; effect was ob-
served at 100 kPa, while the difference in the CO con-
tent measured in the MR outlet stream was lower at
higher reaction pressures.
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Fig. 8. Measured CO concentration in the MR outlet
stream versus the reaction pressure at 200°C.

The performance of the membranes considered seem
to be related to their permeation properties: the less
permeable membrane is the more effective membrane
in the catalytic Selox tests.

The promising results suggest the CO Selox MR in-
tegration after the high and low temperature water gas
shift units in the H, production cycle (Fig. 9).

The catalytic MR can effectively operate at the same
temperature conditions as the low-temperature shift re-
actor (200~220°C). No heat exchangers should be re-
quired for temperature reduction between the water gas
shift and Selox units.

HC Reforming/
——| " Partal QY

Oxidation

Wate( gas shift! Water gas shift
(high T} (low T)

CO-free H2 Q2/AIr
e MR CO
Selox

Fig. 9. Schematic description of a hydrogen production
process. CO Selox in MRs.

4. Conclusions

Catalytic MRs with Pt-Y membranes, operating in a
Sflow-through configuration for CO Selox reaction, suc-
ceeded in reducing the outlet CO concentration from
10,000 ppm (1%) down to 10~50 ppm. These good
results were achieved at 200°C, using a quite low
0,/CO stoichiometric equivalent feed ratio (/=2) and
operating at moderate pressure values (less than 600
kPa). The good selectivity measured (> 50%) at a
complete CO removal is important for improved fuel
consumption efficiency.

The better the membrane quality the higher the CO
removal also at low reaction pressure values.

The results here presented confirm the good po-
tentiality of catalytic membranes for the final purifica-
tion of Hp-rich streams, allowing the hydrogen final

use e.g., in fuel cell applications.
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