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A B S T R A C T

PdAu composite membranes were applied in the preparation of catalytic membranes for hydrogen production.
The APTES surface modification of PdAu membranes synthesized by sequential electroless deposition was car-
ried out. Grafted samples were analyzed by means of XPS, SEM-EDS and DRIFT. XPS data showed that surface
saturation was reached when a 0.5 v/v % of APTES was employed. The morphological study of the samples
showed that after APTES functionalization a slightly change on the PdAu microstructure occurred. It was ob-
served that the APTES-functionalized samples were stable after heating to 823 K for 2 h. In addition, these
membranes retained their hydrogen permeability without detrimental effect over their selectivity. Catalytic Ru
and Rh-based membranes were synthesized by the dip-coating method. The membranes were evaluated in the
dry reforming of methane at 823 K. Even though only low conversions were obtained, these were slightly higher
than those obtained for a fixed-bed reactor with the same amount of catalyst.

1. Introduction

The constant increase in the demand for electricity and heat has led
to an intensification of fossil fuels utilization [1]. Developing clean
energy has been commonly viewed as one of the most important steps
to solve the problems of pollutant emission and climate change in the
long run [2]. In this context, the use of hydrogen offers ways to mini-
mize greenhouse emissions, reduce air pollution and diversify energy
supply [3].

Concerning the production of high purity hydrogen, the application
of membrane reactors (MRs) is favorable. In the MRs, hydrogen pro-
duction and separation take place in the same vessel simultaneously
[4]. Furthermore, these systems allow obtaining higher conversions
compared to conventional processes. From this point of view, Pd-based
membranes are a viable alternative to be applied in these processes
bearing in mind their high selectivity towards hydrogen [5]. The dry
reforming of methane (DRM) to produce synthesis gas (H2+CO) from
CO2 and CH4 has gained increased interest in recent years due to the
present requirement for the reduction of their emissions [6]. One dis-
advantage of the process is the low hydrogen yield due to the occur-
rence of the water gas shift reaction (WGS). To improve the reaction
yield, palladium-based membrane reactors have been widely studied
[7]. Gallucci and coworkers [8] reported a higher selectivity and lower
coke formation using a Pd-membrane reactor in comparison with a

conventional reactor. Cornaglia and coworkers [9] using a Pd tubular
membrane packed with a Rh catalyst reported an equilibrium shift,
with enhanced methane conversion at 773 K.

When hydrogen production is carried out in a MR, the catalyst is
generally packed on the retentate side, where hydrogen diffuses across
the catalytic bed towards the surface of the membrane. Due to the
distance that exists between the catalyst and the selective film, a re-
duction in the hydrogen partial pressure towards the Pd membrane
could take place. This can cause a concentration polarization gradient,
leading to a decrease in the global yield of the process because the
insufficient mass transport in the gas phase lowers the effective hy-
drogen partial pressure difference which consequently results in re-
duced hydrogen flux [10]. An alternative to solve this limitation is to
use catalytic membranes (CMs), which would allow a more rapid and
effective removal of the hydrogen across the membrane due to the di-
rect contact between the catalyst and the selective film.

It has been reported that noble metal catalysts (Pt, Ru, Rh, Pd) are
active for the DRM reaction, with high coke resistance and stability [6].
Within this group, the Rh supported catalyst presented the highest ac-
tivity and stability, followed by ruthenium [6]. Ru shows itself as an
interesting alternative because it presents a high resistance to coke
formation and low cost [11]. Ru catalysts supported on mixed oxides of
La2O3-SiO2 have demonstrated to be active, stable for the DRM, and
with high metal dispersion [12].
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Concerning the use of catalytic membranes for hydrogen produc-
tion, several reports in the literature apply them mainly for the water
gas shift and methane steam reforming reactions [13–16]. However, as
far as we know, a system of the type presented in this paper has not yet
been proposed. We present a system based on a PdAu functionalized
membrane, on which the catalyst was deposited on top of the alloy
layer.

The goal of this work was to optimize the synthesis conditions of
catalytic membranes, that will be used in a catalytic membrane reactor
configuration, in which the active phase is deposited on top of the PdAu
selective film. One of the most important things to considerer in order
to improve the reaction yield is to ensure that an adequate amount of
catalyst mass is deposited on the surface of the Pd-based membrane.
The effect of the 3-aminopropyltriethoxysilane (APTES) functionaliza-
tion of the PdAu surface, prior to the catalyst deposition, was evaluated
and analyzed by XPS, SEM-EDS, and DRIFT. The CMs based on Ru and
Rh catalysts were evaluated in the dry reforming of methane reaction to
obtain high purity hydrogen and compare the performance with that of
a fix bed reactor.

2. Experimental

2.1. Preparation of the PdAu membranes

As supports of the membranes, 0.1 μm grade porous stainless steel
(PSS) 316 L discs (1.27 cm diameter× 2mm thick) and non-porous
stainless steel (NPSS) discs (1 cm diameter× 2mm thick) were used.
Before the metallic deposition, the supports were conditioned and
modified as described elsewhere [17]. The alloy components of the
membranes were deposited by means of sequential electroless plating
deposition, using the bath compositions and conditions optimized in
our previous publication [17]. After all the synthesis cycles finished, the
samples were heated up to 773 K in flowing nitrogen. After that, the
annealing process was conducted in hydrogen atmosphere applying a
ΔP of 10 kPa to favor the metallic inter-diffusion and, consequently, the
formation of the alloy.

2.1.1. Functionalization of the PdAu surface with APTES
For the optimization of the APTES (Merck 99%) concentration

employed at the functionalization stage, PdAu films deposited on top of
NPSS discs were used. Three different concentrations of APTES (0.1%,
0.5% and 1.0 v/v %) were evaluated, using anhydrous toluene as sol-
vent. The PdAu membrane was submerged vertically inside a three-
neck balloon flask, which contained the APTES solution. Nitrogen was
bubbled on the solution under reflux and maintained for 1 h at 383 K.
After this stage, the samples were dried in nitrogen atmosphere. An
evaluation against a thermal treatment of a PdAu sample functionalized
with a 0.5 v/v % APTES solution was carried out in a quartz reactor.
The system was heated up to 823 K in inert flow at 1 K min−1 and was
left at that temperature for 1 h. The morphological and compositional
analyses of this sample were carried out before and after the treatment.
The nomenclature used for the grafted samples was APTES(x)-NPSS,
where x refers to the APTES solution concentration (v/v %).

2.2. Catalyst preparation

As catalysts, Ru and Rh solids supported on a binary La2O3(27%)-
SiO2 system were used. The support with 27 wt.% of La2O3 was pre-
pared by incipient wetness impregnation of SiO2 (Aerosil 200 calcined
at 1173 K, average primary particle size 20–30 nm, specific surface area
(BET) 200 ± 25 m2 g−1) with lanthanum nitrate (Aldrich 99.9%),
following the previously described procedure [12]. The subsequent
incorporation of ruthenium or rhodium was also performed by incipient
wetness impregnation, with RuCl3.3H2O (Alfa Aesar 99.9%) and
RhCl3·3H2O (Alfa Aesar 99.9%) as precursor salts, followed by a drying
step at 353 K. In the case of the Rh/La2O3-SiO2 catalyst, the solid was

calcined at 823 K during 6 h. The nominal Ru and Rh loading was
0.6 wt.% for all catalysts, obtaining the following final composition: Ru
(0.6%)/La2O3(27%)-SiO2 and Rh(0.6%)/La2O3(27%)-SiO2.

2.3. Preparation of the catalytic membranes

The catalyst was deposited on the surface of the APTES functiona-
lized PdAu alloy by dip-coating from a 10wt.% suspension of the cat-
alyst in anhydrous ethanol at room temperature, followed by a drying
step at the same temperature. The coating slurry pH was ∼ 6. Eight or
sixteen successive immersion-drying cycles were performed. In both
cases, the disc was rotated 180 degrees after four immersion-drying
cycles to improve the homogeneity of the catalyst deposition. After the
last immersion-drying cycle, the samples were kept in a desiccator until
their use.

2.3.1. Optimization of catalyst particle size
In order to optimize the size of the catalyst agglomerates and thus

increase their dispersion on the PdAu membrane surface, the powder
was sifted using two different sieves: 100 and 200 mesh. This allowed
obtaining particles with a smaller size than 149 μm and 74 μm, re-
spectively. The samples were modified with a 0.1 v/v % APTES, prior to
the deposition of the catalyst and subjected to eight immersion-drying
cycles at room temperature. Fig. 1 shows a simplified scheme of the
steps followed to obtain a catalytic membrane. Table 1 shows the main
characteristics of the samples studied.

2.4. Single gas permeation measurements of membranes

To evaluate the effect of APTES functionalization on the perm-se-
lective properties, a PdAu membrane was evaluated before and after the
APTES functionalization. For this purpose, the perm-selective proper-
ties were measured at 673 K and a ΔP of 50 kPa before and after thermal
treatment. Single gas permeation measurements were carried out in a

Fig. 1. Simplified scheme of the different steps to obtain the catalytic PdAu
membranes.
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permeation device designed and built in our laboratory [18]. Using
mass flow controllers, all gases were introduced into the permeator. The
Pd alloy side of the membrane was in contact with the feed gases, while
a N2 sweep gas was used in the permeate side during the heating pro-
cedure. The effective permeation area of the membranes was ca.
0.5 cm2 for half inch PSS discs.

2.5. Catalytic test

Measurements of catalytic activity were carried out using two dif-
ferent reactor configurations: fixed bed (FB) and catalytic membranes
(CMs). For the evaluation of powder catalysts in a FB quartz reactor, the
catalyst was diluted in ground quartz (size 70–40 mesh) to achieve
adequate bed height, in this way avoiding canalizations in it. For the
evaluation of the CMs, a stainless-steel reactor designed and built in our
laboratory was employed. The sealing was reached by using graphite
gaskets on both sides of the membranes.

Both systems were heated up to 823 K in inert flow at a speed of 1 K
min−1. Then, a reduction in hydrogen atmosphere was performed at
this temperature for 2 h. After this step, the reaction mixture consisting
of 32% CH4, 32% CO2 and 36% Ar v/v was fed to the reactor at 823 K.
For the catalytic membrane evaluations, a sweep gas stream of 5mL
min−1 was used.

In order to analyze the influence of the metallic material used to
construct the reactor-permeator on the conversion percentages, two
measurements were made. In the first place, the evaluation was per-
formed in the absence of the catalyst, heating the reactor-permeator to
a heat up to 823 K in Ar flow. The second one was made by subjecting
the permeator to an additional reduction in H2 flow for 2 h at 823 K.
These experiments showed negligible values for methane and carbon
dioxide conversions. These results allowed us to discard the influence of

the material of the reactor over the conversions under the evaluated
reaction conditions.

2.6. Samples characterization

The surface composition of the samples was determined by X-ray
photoelectron spectroscopy (XPS). The XPS analyses were performed in
a multi-technique system (SPECS) equipped with a dual Mg/Al X-rays
source, and a hemispherical PHOIBOS 150 analyzer operating in the
fixed analyzer transmission (FAT) mode. The spectra were obtained
using a pass energy of 30 eV and the X-ray source was operated at
150W and 11 kV. The working pressure in the main chamber was
5×10−10 kPa. For the quantitative analysis, the regions corresponding
to Pd 3d, Au 4f, C 1s, O 1s, Na 1s, Si 2p and N 1s core levels were
recorded for each sample. The data treatment was performed with the
Casa XPS program (Casa Software Ltd, UK). The peak areas were de-
termined by integration employing a Shirley-type background, the
peaks being considered a mixture of Gaussian and Lorentzian functions.
For the quantification of the different elements, sensitivity factors
provided by the manufacturer were employed.

The bulk composition of the samples was analyzed by X-ray fluor-
escence (XRF). The measurements were performed using an EDX-720
Shimadzu X-ray Fluorescence Spectrophotometer with a 50-kV tube
voltage, a Mo/Ni filter and a 5-mm collimator. A sample holder with a
5 μm thick polypropylene film and air atmosphere were used. The
quantification was performed by the calibration curve method, for
which reference samples of known composition were prepared by the
same method of synthesis as the samples under study. The integration
time was 200 s, and for the quantification emission lines Ru Kβ, Rh Kα,
La Lα and Si Kα were considered.

Images of the outer surfaces and cross-sections of the samples were
obtained using a JEOL scanning electron microscope model JSM-35 C.
EDS analyses were performed employing a Phenom ProX scanning
electron microscope (SEM) in order to determine the bulk atomic
composition of the membranes.

To study the APTES anchorage on the PdAu membrane surface, the
samples were analyzed by DRIFT spectra using a Shimadzu IRPrestige-
21 spectrophotometer.

3. Results and discussion

3.1. Optimization of the APTES functionalization on PdAu surfaces

After metal depositions, the PdAu membranes were subjected to a
heat treatment at 773 K in hydrogen flow. In all cases the complete
alloy formation was observed in its fcc phase. In agreement with our
previous report, the synthesized membranes had a volumetric gold
atomic composition of ca. 5% and a thickness of ∼14 μm [17].

With the aim to prepare catalytic PdAu-based membranes, different
synthesis parameters were investigated: i) the functionalization of the
PdAu alloy with APTES to improve the catalyst adhesion and ii) the
catalyst particle size to improve the dispersion over the alloy surface.

In order to confirm the synthesis route for the catalytic membranes
via APTES functionalization and optimize the employed APTES con-
centration, the APTES(0.1%)-NPSS, APTES(0.5%)-NPSS and APTES
(1.0%)-NPSS samples were prepared and characterized by XPS. Fig. 2
presents the N 1s spectra of the analyzed samples. In all cases, after
APTES grafting on the surface, two N 1s peaks located at 399.1 eV and
401.1 eV were detected, which could be assigned to the different an-
chorage modes of APTES (direct silane coupling or reverse coupling
through the terminal amine group). The anchorage of the APTES mo-
lecule could be produced by covalent bonding between the oxide or
hydroxyl groups at the surface, formed as a result of PdAu exposure to
the environment, with the terminal silanol group of the APTES mole-
cule. However, hydroxyl groups on the surface can either react with the
Si end of APTES to form a silanized surface or with the amine group. If

Table 1
Samples studied in this work.

Sample APTES
concentration [v/v
%]

Mesh Thermal
treatmenta

Mass
gain
[mg]b

Ethanol

Grafted membranes
APTES

(0.1%)-
NPSS

0.1 – No – No

APTES
(0.5%)-
NPSS

0.5 – No – No

APTES
(1.0%)-
NPSS

1.0 – No – No

Catalytic membranes
CM1-PSSc – – No 15.4 Yes
CM2-PSSc 0.1 – No 7.0 Yes
CM3-PSSc 0.1 100 No 4.7 Yes
CM4-PSSc 0.1 200 No 0.6 Yes
CM7-PSSc 1.0 100 Yes 10.0 Yes
CM9-PSSd 1.0 100 No 9.0 Yes

Powder samples
Ru-Fresh – – No – No
Ru(Ar/573) – – Yes – No
Ru-EtOH – – No – Yes
Ru(Ar/573)-

EtOH
– 100 Yes – Yes

Rh-Fresh – – No – No
Rh-EtOH – – No – Yes

a Thermal treatment of the catalyst in Ar flux at 573 K for 2 h prior to dis-
persion in anhydrous ethanol.

b Mass gain after deposition of the catalyst over the grafted membrane and
drying at room temperature in a desiccator.

c Catalytic Ru(0.6%)/La2O3(27%)-SiO2-based membrane.
d Catalytic Rh(0.6%)/La2O3(27%)-SiO2-based membrane.
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the coupling process takes place via any of the hydroxyls of the silane,
the free NH2 termination is observed at 399.4 eV. On the other hand, if
reverse attachment occurs, this leads to the appearance of a N 1s peak
at 400.9 eV [19,20]. In addition, this peak could also be assigned to
protonated amines species [19]. In our case, the two signals were ob-
served in all the samples, with a higher contribution of the peak located
at lower binding energy (∼399.1 eV) for the samples synthesized em-
ploying 0.5% and a 1.0 v/v % of APTES (Fig. 2). It is noteworthy that
the presence of silicon could suggest a correct grafting because this
element was not present at the surface of unmodified PdAu samples (Si
2p spectra not shown). For this reason, the Si/Pd ratio is a good
quantitative measure to evaluate the proportion of APTES anchored to
the surface, as shown in the paragraph below. Both Pd and Au signals
showed, as expected, a decrease in their intensity after grafting (spectra
not show).

Fig. 3 shows the Si/Pd, N/Pd and Si/(Pd+Au) surface and volu-
metric atomic ratios of the PdAu membranes as a function of the APTES
concentration used during the grafting procedure, determined by means

of XPS and EDS, respectively. The reported composition is an average
value of the data obtained for each sample. It is clear from the curve
that the increase of the APTES concentration led to an increase in the
Si/Pd and N/Pd surface ratio. Furthermore, the obtained results suggest
that upon using a 0.5 v/v % APTES solution, a surface saturation was
reached (Fig. 3). For a PdAu unmodified membrane, a N/Pd surface
ratio of 0.13 was determined. This value was lower than that obtained
for PdAu functionalized membranes. The nitrogen detected in the non-
functionalized sample probably comes as a residue of the EDTA em-
ployed at the synthesis bath. Nevertheless, note that the Si/Pd surface
ratio is higher than the N/Pd ratio for all the samples. Regarding the Si/
Pd and N/Pd volumetric ratio, it can be observed that these show si-
milar values for all the evaluated samples (Fig. 3). The theoretical N/Si
atomic ratio on APTES molecule is 1, and the experimental ratios were
0.44, 0.68 and 0.65, for the APTES(0.1%)-NPSS, APTES(0.5%)-NPSS
and APTES(1.0%)-NPSS samples, respectively.

Grafted samples were also analyzed by DRIFT to verify the an-
choring of APTES to the PdAu surface (Fig. 4). It should be noted that
although the presented spectrum corresponds to the APTES(0.1%)-
NPSS sample, the same bands were observed in all the evaluated
samples. The spectrum corresponding to the APTES(0.1%)-NPSS sample
contains bands at 1107 cm−1, 1087 cm−1, and 1432 cm−1, which could
be attributed to the SieOeSi symmetric stretching vibration [21], the
SieO stretching vibration [22] and the deformation mode of the
SieCH2 [23], respectively. The characteristic asymmetric stretching
vibration of the CH2 groups of the propyl chain of the silylating agent
[24] can be observed at 2846 cm−1 and 2906 cm−1. This typical vi-
bration confirms the grafting of the amine onto the surface [25]. The
peaks located at 1590 cm−1, 1631 cm−1 and 1462 cm−1 are assigned to
the characteristic asymmetric NeH bending (ν(NH2)) and the NH2

symmetric bending vibrations, respectively.
When the morphology of the functionalized samples is analyzed, a

different structure can be seen throughout the surface, compared to the
membrane without APTES (Fig. 5a and b). To the best of our knowl-
edge, the formation of characteristic structures after the surface mod-
ification of PdAu alloys with APTES has not been yet reported in the
literature. With the increasing APTES concentration, a change in the
surface morphology is observed. In the case of the APTES(0.1%)-NPSS
sample (Fig. 5c and d), the formation of finger-like structures on the
surface is clearly seen. On the other hand, the APTES(1.0%)-NPSS
sample presented a more pronounced change in the morphology
(Fig. 5e and f). With the purpose of analyzing the elemental distribution

Fig. 2. N 1s spectra of the APTES(0.1%)-NPSS, APTES(0.5%)-NPSS and APTES
(1.0%)-NPSS samples.

Fig. 3. Variation of the surface and volumetric atomic ratios as a function of the
APTES concentration employed at the functionalization stage.

Fig. 4. DRIFT spectra of the APTES(0.1%)-NPSS sample after APTES functio-
nalization.
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on top of the functionalized alloys, EDS scans were carried out on three
(APTES(0.1%)-NPSS) and four (APTES(0.5%)-NPSS and APTES(1.0%)-
NPSS) different zones. It is important to note that the reported values
for each zone were obtained as a mean of different points. Table 2
summarizes the atomic composition determined at the different zones
of the samples. It is important to note the existence of a uniform dis-
tribution of Pd, N and Si for all the samples, which was observed after

APTES functionalization at 383 K.
Since the catalytic membranes will be used in catalytic reforming

reactions at high temperatures, the thermal stability of the APTES
functionalized samples was studied. With that purpose, we studied the
surface of a PdAu membrane with 1.0 v/v % of APTES before and after
thermal treatment in Ar stream at 823 K. SEM surface images corre-
sponding to the modified membrane are shown in Fig. 6. Clearly, no
visible changes were observed in the morphology of the functionalized
binary membrane after thermal treatment at 823 K (Fig. 6c and d).

Parallel to the morphological analysis performed by SEM, the vo-
lumetric and surface composition of the APTES-functionalized sample,
before and after treatment at 823 K during 2 h, was analyzed by XPS
and EDS. After treatment, a N/Pd volumetric ratio equal to 0.4 was
determined. This ratio was very similar to that reported for the mod-
ified unheated sample.

Chen et al. [26] investigated the effect upon the mechanical and
thermal properties of functionalized reduced graphene oxide when it
was introduced to composite with poly(styrene-co-maleic anhydride).
They found that the mechanical properties and heat stability of the
composites were largely increased in the high temperature region
(573–873 K). They also showed that a 0.2 wt.% addition of functiona-
lized reduced graphene dramatically increased the storage modulus of
poly(styrene-co-maleic anhydride) in the high temperature region by
one order of magnitude compared with neat poly(styrene-co-maleic
anhydride).

Fig. 5. Surface modification of the PdAu membranes before (a, b) and after the use of a 0.1v/v % APTES solution (c, d) and a 1.0v/v % APTES solution (e, f).

Table 2
Volumetric composition determined by EDS for the APTES(0.1%)-NPSS, APTES
(0.5%)-NPSS and APTES(1.0%)-NPSS samples.

Sample Atomic composition (at. %)

Pd Au Si N

APTES(0.1%)-NPSS
Zone 1 65.9 13.1 2.5 18.5
Zone 2 67.6 10.8 2.3 19.3
Zone 3 66.6 15.7 2.6 15.1

APTES(0.5%)-NPSS
Zone 1 73.5 3.0 3.2 20.3
Zone 2 72.3 10.4 2.7 14.6
Zone 3 74.0 7.4 2.6 16.1
Zone 4 72.9 6.9 2.9 17.2

APTES(1.0%)-NPSS
Zone 1 73.3 6.1 2.5 18.1
Zone 2 73.7 5.9 3.4 16.8
Zone 3 68.3 7.7 4.6 19.4
Zone 4 70.7 7.5 2.7 19.1
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3.2. Effect of the APTES functionalization on the permeability of the PdAu
membranes

The mechanism of hydrogen permeation through dense metal
membranes has been extensively studied [8]. As proposed by Lewis
[27] in his pioneering work, the hydrogen transport mechanism
through Pd-based membranes involves several stages including mass
transfer to the membrane surface, dissociation-adsorption on the alloy
surface and bulk diffusion of hydrogen into the bulk. It is important to
note that depending on factors such as membrane thickness, surface
roughness, selectivity and gas purity, the rate controlling step for H2

permeation could be different [28]. Due to the existence of this trans-
port mechanism, the APTES surface modification employed in our case
should not modify the characteristics of the PdAu membrane to ensure
that it continues to maintain its perm-selective properties.

Under the conditions described in the experimental section, the
perm-selective properties of a PdAu membrane before and after the
functionalization were evaluated. The membrane presented a hydrogen
permeability of 1.2× 10−8 mol m s−1 m−2 Pa−0.5 before APTES
grafting and of 1.1× 10−8 mol m s−1 m−2 Pa−0.5 after that procedure.
This value is in the range of the one reported for membranes of these
characteristics, which includes values between 0.9–1.3×10−8 mol m
s−1 m−2 Pa−0.5 at 673 K and 50 kPa [17]. Nitrogen flow was not de-
tected, indicating that the membrane is composed of a continuous film
free of cracks. This also indicates that PdAu functionalized membrane
retains its perm-selective properties after the surface modification with
APTES. The results obtained show that the use of APTES for the surface
modification of PdAu membranes does not modify their hydrogen
permeation and selective properties.

3.3. Deposition of the catalyst on the PdAu composite membranes

The CM1-PSS sample was obtained by successive immersions of the
as prepared Ru-catalyst on the surface of the PdAu membrane, after the
alloy formation and without previous APTES functionalization. In this
case, ten successive immersions followed by drying at room tempera-
ture were performed. Although the mass gain after drying at 353 K was
about 15mg (Table 1), the coating of the deposited catalyst was not
stable after its reduction at 823 K for 2 h. This process was corroborated

by the loss of mass. Considering this observation, and in order to in-
crease the adhesion and stability of the catalyst on top of the mem-
brane, a synthesis route which included APTES surface functionaliza-
tion of the PdAu surface was performed. When APTES was employed to
modify the PdAu surface, the terminal amino group (eNH2) of the
molecule was hydrolyzed and then, it could be linked to the catalyst
facilitating its anchoring to the surface of the membrane. For this
reason, it is desirable to obtain surface amine groups over the grafted
samples. The CM2-PSS membrane, which was functionalized with
APTES prior to the catalyst deposition, was stable after heating in Ar
flux at 823 K with a change of the catalyst mass lower than 10% after
treatment. The use of APTES to increase or promote adhesion during
the synthesis of different materials has been reported in the literature.
Caro and coworkers [29] developed a synthesis route to improve the
zeolite [29] and ZIF-90 [30] films deposition by chemically modifying
the supports with APTES as a covalent linker at 383 K for 1 and 2 h,
respectively. The authors reported the use of 3-aminopropylsilyl groups
as an efficient molecular linker to attract and anchor the zeolite or ZIF
nutrients onto the support surface during the hydrothermal synthesis at
333 K/24 h and at 373 K/18 h, respectively. In a previous work [31], we
have shown an improvement in the morphology and stability of the
zeolite NaA membranes synthesized on top of APTES modified porous
stainless steel substrates after evaluation at 473 K. The hydrogen per-
meation flux through the membranes deposited on top of APTES-
modified substrates remained stable after 10 days.

Fig. 7 shows the morphology of the Ru-based catalytic membranes.
Based on the SEM analyses from different zones of the CM2-PSS
membrane, a homogeneous distribution of the catalyst on the surface
can be observed (Fig. 7a and b). While the coverage of the catalyst on
the surface is homogeneous, there appear certain agglomerates of
particles of the solid. In order to homogenize the size of these ag-
glomerates and increase the dispersion of the catalyst on the surface of
the PdAu membranes, the solid was sieved before dispersing it in an-
hydrous ethanol. CM3-PSS and CM4-PSS membranes were prepared
employing powder catalyst with a particle size smaller than 149 μm and
74 μm, respectively. Fig. 7 also shows the SEM images of the CM3-PSS
(Fig. 7c and d) and CM4-PSS (Fig. 7e and f) samples after reduction at
823 K in H2 flux for 2 h. From the morphological analysis of the studied
membranes, a greater coverage on the CM3-PSS sample can be

Fig. 6. PdAu functionalized membrane before (a, b) and after (c, d) thermal treatment at 823 K.

A.D. Fontana et al. Molecular Catalysis xxx (xxxx) xxx–xxx

6



observed, which is consistent with the highest mass gain (Table 1).
When the morphologies of the CM2-PSS and CM3-PSS samples are
compared, a more homogeneous surface can be seen, with smaller
catalyst aggregates in the case of the CM3-PSS sample. The catalytic
membrane prepared with catalyst particles smaller than 74 μm (CM4-
PSS) presented lower coverage at equal number of immersion-drying
cycles than the CM3-PSS catalytic membrane. This could be due to the
fact that the smaller particles employed to prepare the CM4-PSS could
have less adhesion to the PdAu film than the larger ones employed for
the CM3-PSS. On the surface image, a large region without catalyst
covering can be seen, which shows the characteristic cauliflower-like
morphology of the PdAu membranes. On the contrary, the regions of
the CM3-PSS sample, which presented less agglomeration, are uniform
covered with homogeneous particles of catalyst.

Also using SEM, top-view images of the Ru (CM7-PSS, Fig. 8a and b)
and Rh (CM9-PSS, Fig. 8c and d) catalytic membranes were obtained. In
these samples, the catalyst previously sieved with 100 mesh, was dis-
persed in ethanol and deposited on top of the PdAu membranes func-
tionalized with a 1.0 v/v % APTES solution. Under the same synthesis
conditions, the coating of the catalysts on the surface of both PdAu
membranes was homogeneous, particles or agglomerates of similar size
(up to 10 μm) being observed. It is possible to emphasize that the cat-
alytic membranes prepared in this way, i.e. by functionalizing the
surface with APTES prior to the deposition of the catalyst, show neither
weight loss nor detachment after reduction at 823 K.

3.4. Catalytic evaluation

The catalytic results from the evaluation of the Ru and Rh powders
in the DRM reaction, as well as those from the catalytic-based mem-
branes are presented below. Table 3 shows the catalytic behavior of the
Ru(0.6%)/La2O3(27%)-SiO2 and Rh(0.6%)/La2O3(27%)-SiO2 powders
carried out in a FB reactor at 823 K. For both the Ru and Rh-based fresh
catalysts (Ru-Fresh and Rh-Fresh samples, Table 3), conversion values
were reached which correspond to the thermodynamic equilibrium
under the analyzed conditions (W/F=15.9×10−6 g h mL−1, CH4 and
CO2 equilibrium conversions at 823 K were 27% and 38%, respectively
[32]). In this case, the H2/CO ratios were lower than the unit, which
indicates that the reverse water gas shift reaction also occurs. A lower
methane conversion (ca. 8%) was obtained when the catalyst was
evaluated after ethanol dispersion (Ru-EtOH sample, Table 3). This
result could be related to a probable re-dissolution of Ru on ethanol and
a consequent loss of the active phase. When the solid was treated on Ar
at 573 K before the ethanol dispersion, a methane and a carbon dioxide
conversion of ca. 22 and 29%, respectively, were obtained. These va-
lues are slightly lower than those obtained for the fresh catalyst
(Table 3). For the Rh(0.6%)/La2O3(27%)-SiO2 catalyst, similar CO2 and
CH4 conversions were obtained on the fresh solid and after dispersion
on ethanol (Rh-EtOH) (Table 3).

In order to study possible modifications in the Ru/La2O3-SiO2 cat-
alyst, XRF was employed to determine the compositions of the catalysts
after they were submitted to different treatments. Such evaluated

Fig. 7. Effect of the catalyst sifting on the surface coverage: CM2-PSS without sifting (a, b), CM3-PSS sifting with 100 mesh (c, d) and CM4-PSS sifting with 200 mesh
(e, f).
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variables were: i) fresh catalyst (Ru-Fresh), ii) fresh catalyst dispersed
in anhydrous ethanol (Ru-EtOH), iii) catalyst treated in Ar at 573 K (Ru
(Ar/573)) and iv) catalyst treated in Ar at 573 K followed by dispersion
in ethanol (Ru(Ar/573)-EtOH). Table 4 summarizes the chemical
composition of the catalysts after the different treatments. It can be
observed that the Ru content in the catalyst decreased from 0.46 to
0.15% for the fresh and ethanol dispersed catalyst, respectively. Al-
though the La2O3-SiO2 support has been calcined at 823 K, a decrease in
the lanthanum content from 31.6% up to 12.9% after the ethanol dis-
persion was observed. When a pretreatment in Ar atmosphere at 573 K
was performed and afterwards the catalyst was dispersed in ethanol, the
decrease in the Ru content was lower, with not change on the lan-
thanum content (Table 4). Considering this result, and also the un-
changed catalytic activity of this solid, the former treatment was se-
lected to prepare the Ru-based catalytic membranes.

A similar analysis scheme was performed for the Rh/La2O3-SiO2

catalyst. In this case, fresh (Rh-Fresh) and dispersed in ethanol (Rh-
EtOH) samples were evaluated. Clearly, no substantial differences in
the chemical composition between both samples were observed. This
difference in the behavior between the Ru and Rh based catalysts could
be attributed to the fact that the former was calcined while the latter
was not. This result suggests that the calcination process would stabilize
the Rh, thus avoiding a re-dissolution of the active phase. In the case of
the Ru catalyst, the calcination step was not carried out to avoid the
formation of RuO2 particles. Faroldi et al. [11] analyzed the activity
and stability of Ru/La2O3-SiO2 catalysts on the dry reforming of me-
thane reaction, after different thermal treatments. The results showed
that the catalysts calcined at 823 K presented lower reaction rate and
stability than the uncalcined solid [11], probably related to an increase
of the Ru particle size after treatment. Despite the pretreatment at
573 K in flowing Ar, the Ru-based catalyst behavior was more affected
by being dispersed in anhydrous ethanol.

Table 5 summarizes the performance for the catalytic membranes
and powder catalysts employing the same W/F (4.2×10−6 g h mL−1)

Fig. 8. Top surface view of the catalytic CM7-PSS (a, b) and CM8-PSS (c, d) membranes.

Table 3
Catalytic behavior of Ru(0.6%)/La2O3(27%)-SiO2 and Rh(0.6%)/La2O3(27%)-
SiO2 catalysts powders at 823 K and W/F of 15.9× 10−6 g h mL−1 in a fixed-
bed reactor.

Sample XCH4
a XCO2

a H /CO2 Mol H2 produced/
CH4 feed ratio

Ru-Freshb 25.4 31.8 0.69 0.53
Ru-EtOHc 8.1 18.2 0.35 0.08
Ru(Ar/573)d 22.2 29.4 0.53 0.32
Ru(Ar/573)-EtOHe 22.0 28.7 0.52 0.31
Rh-Freshf 26.7 40.1 0.62 0.43
Rh-EtOHg 25.3 37.3 0.59 0.44

In all cases, the evaluated catalyst weight was 15mg.
a Equilibrium CH4 and CO2 conversion at 823 K of 27% and 38%, respec-

tively [34].
b Ru(0.6%)/La2O3(27%)-SiO2 as synthesized catalyst.
c Ru(0.6%)/La2O3(27%)-SiO2 catalyst without thermal treatment before its

dispersion in anhydrous ethanol.
d Ru(0.6%)/La2O3(27%)-SiO2 treated at 573 K in Ar flux for 2 h.
e Ru(0.6%)/La2O3(27%)-SiO2 catalysts treated at 573 K in Ar flux for 2 h and

dispersed in anhydrous ethanol.
f Rh(0.6%)/La2O3(27%)-SiO2 after calcination at 823 K for 6 h.
g Rh(0.6%)/La2O3(27%)-SiO2 after calcination at 823 K and dispersed in

anhydrous ethanol.

Table 4
Composition of the catalysts after different treatments.

Sample Thermal treatment Ethanol %SiO2 %La2O3 %Mg

Ru-Fresha No No 67.8 31.6 0.46
Ru-EtOHb No Yes 86.9 12.9 0.15
Ru(Ar/573)c Yes No 66.8 32.6 0.46
Ru(Ar/573)-EtOHd Yes Yes 66.3 33.3 0.30
Rh-Freshe No No 72.3 27.0 0.56
Rh-EtOHf No Yes 71.6 27.8 0.62

a Ru(0.6%)/La2O3(27%)-SiO2 as synthesized catalyst.
b Ru(0.6%)/La2O3(27%)-SiO2 catalyst without thermal treatment before its

dispersion in anhydrous ethanol.
c Ru(0.6%)/La2O3(27%)-SiO2 treated at 573 K in Ar flux for 2 h.
d Ru(0.6%)/La2O3(27%)-SiO2 treated at 573 K in Ar flux for 2 h and dis-

persed in anhydrous ethanol.
e Rh(0.6%)/La2O3(27%)-SiO2 after calcination at 823 K for 6 h.
f Rh(0.6%)/La2O3(27%)-SiO2 after calcination at 823 K and dispersed in

anhydrous ethanol.
g M refers to the Ru or Rh content.
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at 823 K. The CM7-PSS and CM9-PSS samples exhibit similar mass gain
and catalytic performance, even though the first was based on Ru and
the second on Rh. As reported in the experimental section, the effective
area of the catalytic membranes was ca. 0.5 cm2, which resulted in ca.
4 mg of effective mass of catalyst being in contact with the reactants.
Note that when the powdered catalyst was evaluated on the FB reactor
using the same mass, a slightly smaller conversion was obtained for
both catalysts, compared with the respective catalytic membranes
(Table 3). Note that the equilibrium conversion was not reached in all
cases when a W/F=4.2× 10−6 g h mL−1 was employed. For the CM2-
PSS prepared with the Ru catalyst without thermal treatment, the me-
thane and carbon dioxide conversions were similar, showing a H2/CO
ratio equal to 0.96. This could indicate that the reverse water gas shift
reaction could be unfavored in this low Ru loading catalyst (Table 4). A
hydrogen recovery factor (H2 permeated/H2 produced) of ca. 38% was
obtained with the catalytic membranes under the operation conditions
selected in this study (Table 5). Using a Pd tubular membrane, coupled
with a Rh(0.6%)/La2O3 catalyst, Bosko et al. [9] reported a hydrogen
recovery of about 30% for a sweep gas flow rate of 10mL min−1 at
773 K, a W/F=2.4×10−3 g h mL−1 and a higher permeation area
(7.3 cm2). Most studies reported in the literature focusing on methane
dry reforming in Pd membrane reactors use an extractor type config-
uration, where hydrogen is extracted from the reaction zone with the
consequent increase in conversion [12,32–34]. However, so far, no data
has been reported using MRs where the selective layer and the catalyst
are integrated in the same substrate.

The catalytic membranes developed for hydrogen production were
mainly prepared by deposition of the catalyst on the porous structure of
the support and coupling the Pd or Pd-alloy layer on the other side
[13–16]. Few studies have reported the coating of the catalyst on top of
the selective layer with an approach similar to that used in our case
[34,35]. By co-sputtering Pt and CeO2 over a thin PdAu composite
membrane of 19.6 cm2, Park and coworkers [34] developed a bi-func-
tional membrane which enhance the performance of the WGS reaction.
With a catalyst layer of 2.6 μm thick, and a ΔP of 500 kPa, the CO
conversion was twice of that obtained when not hydrogen permeation
across the membrane occurs.

Although the conversions reached with the CMs prepared in this
work were low, they were higher or similar to those obtained with the
powdered catalysts under the same conditions. It is important to note
that the evaluations were made employing a low mass of catalyst, in
addition to the use of catalysts which have a low percentage of active

phase (ruthenium or rhodium). Nevertheless, from these preliminary
results, it should be noted that it will be possible to obtain hydrogen
with a high degree of purity due to the high selectivity of the PdAu
membrane. Greater efforts are being made to optimize the amount of
catalyst deposition on the membrane surface and increase the per-
meation area.

4. Conclusions

Successful APTES functionalizations of PdAu surfaces were per-
formed. The increase in APTES concentration led to an increase in the
Si/Pd and N/Pd surface ratio. When an APTES concentration of 0.5 v/v
% was employed, a surface saturation was reached while Si/Pd and N/
Pd volumetric ratio remained approximately constant in all samples.

Grafted samples proved to be stable against heat treatment up to
823 K for 2 h. A conservation of the perm-selective characteristics of the
PdAu membranes after functionalization with APTES was also ob-
served.

Catalytic Ru an Rh-based membranes were evaluated on the dry
reforming of methane at 823 K. They showed similar conversions values
when they were compared to the data obtained with powder samples in
a fixed-bed reactor under the same conditions. Despite the low con-
versions values, these results are very promising for obtaining high
purity H2. Greater efforts are being made to optimize and improve the
catalyst deposition on the membrane surface and thus increase the mass
gain.
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