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Abstract

In this work, porous catalytic membrane with tailored microstructure has been developed for the
production of hydrogen from the oxy-reforming process. Porous catalytic membranes have been
produced by freeze-casting of ceria-based powders using camphene as solvent. The process
parameters have been optimized in terms of type and amount of dispersant to obtain homogeneous
and stable ceramic suspension suitable for the process, while the freezing temperature was chosen on
the basis of the microstructure and porosity of the final samples. The obtained freeze cast sample
produced showed very high levels of porosity (= 80%) and good gas permeability (1.0 x 10t m?).
The ceria-based porous structure produced was finally evaluated as catalyst in high temperature oxy-
reforming reaction for hydrogen production from methane showing high methane conversions (up to
90%) and hydrogen production. The use of a unique catalytic membrane other than pelleted catalysts
allowed the obtaining of smooth thermal profiles without the evidence of endothermic or exothermic

peaks.

1. Introduction



The worldwide urgent environmental concern is a strong incentive for using hydrogen (H2) as a
sustainable and clean energy vector. To date, hydrogen is mainly produced together with CO (syngas)
by several reforming processes that use carbon-based feedstock [1]. Among the others, Steam
Methane Reforming (SMR) is the primary commercial route for hydrogen production. SMR (Eq. (1))

is carried out at a high temperature (750-850°C) for its endothermicity [2].

CHa + H20 5 3Hz + CO (AH%95=+206 ki mol™) (1)

The endothermic nature of SMR leads to an important difference between the temperatures of the
reactor wall and the catalytic bed, which requires external heating as high as 1100-1200 °C. As a
consequence, important stress on the reactor and catalyst occurs affecting their reliability and
durability.

To overcome this issue, the exothermic catalytic partial oxidation (CPO, Eq. (2)) can be exploited in

the so-called oxy-reforming.

CHa4 +0.50, 5 2H, + CO (AH%gs = -36 kJ mol™?) )

This process exploits the heat developed by the exothermic CPO to feed the endothermic SMR
increasing temperature control and reducing operative temperature in respect to the two separate
reactions.

There are many catalysts based on noble metals, such as Ru, Rh, Pt, and Pd, as well as Ni-based
catalysts, which are effective in steam-reforming reactions. The metallic catalysts are generally
anchored onto ceramic based- catalytic supports (Al.Oz, SO2, MgO, CeO., and TiO,) that are
produced as porous pellets and loaded into the reactor. Even if a lot of work has been published from

the material’s point of view in terms of nature of catalysts and supports, synthesis methods,
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microstructural/morphology/functional characterizations [3], less studies have been focused on the
shaping/structure of the porous oxide substrate. The design of suitable ceramic-based membranes [4—
9] and/or porous catalyst [10-14] with a strict control of the pore size and structure can be crucial for
practical application and process industrialization. To implement the performance of the reactions,
the use of porous catalytic membranes with tailored microstructure has been recently proposed for
SMR [15] and SMR combined with the water gas shift [16]. For the shaping of engineered porous
ceramic structures, several methods have been reported so far [17]. Organic sacrificial template and
direct foaming methods exploit thermally fugitive compounds or gases to produce porosity. The first
one, in particular, allows a wide range of porosity level (up to 50%) and pores dimension/morphology
by simply tuning the nature and size of the pore former used. However, the main drawbacks related
to this technique are i) the long thermal burnout step necessary to completely eliminate the pore
formers and ii) the porosity produced is generally not aligned in a specific direction but randomly
organized.

To produce samples with aligned and interconnected porosity, replica techniques based on the
impregnation of foam structures with ceramic suspension and their subsequent thermal bourn-out,
have been developed [17]. With these methods it is possible to obtain a high level of porosity (even
higher than 90%). However, long thermal removing step and poor mechanical properties of the final
body have been frequently reported [18].

Freeze casting has been recently received particular attention for the production of materials with
highly interconnected and organized porosity with improved mechanical strength and better
permeability to gas and liquid [19-21]. The general process requires the preparation of a stable
suspension of ceramic particles that is cast and subsequently frozen in a mould. The solvent is
afterward sublimated and the produced sample is consolidated through a thermal treatment. The
obtained structure shows oriented channels due to the replica of the solvent crystals along the freezing
direction [20]. Freezing of the ceramic slurry from the bottom induces, as example, the growth of

vertically aligned solvent crystals that lead to vertically oriented porosity. The final microstructure of
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samples can be engineered for a specific application changing the slurry formulation and the process
parameters. However, process parameters such as freezing and sublimation conditions strongly
depend on the solvent used for the process. The most common solvent is water that produces a
lamellar pore channel microstructure. Other common solvents are tert-butyl alcohol (TBA) and
camphene able to produce prismatic and dendritic shape porosities, respectively [21]. The different
solvents also lead to different process temperatures. While water and TBA-based slurry can be
prepared at room temperature using a conventional ball milling, camphene-based slurries need
temperatures between 55-60°C. On the other hand, water and TBA-based slurries require low freezing
temperature and pressure while, camphene can be frozen at higher temperature (up to 35-40°C) and,
more importantly, sublimated at room temperature and atmospheric pressure [21,22].

The literature about freeze casting for ceramic-based energy devices is up to now limited to some
researches about Solid Oxide Cells [23,24], Gas Separation Membranes [25,26] and an example on
Membrane Reactors [19]. In these applications, the hierarchically organized and aligned porosity
mainly implements gas transport and, as a consequence, the resulting performances, thus boosting the
industrialization and commercialization of these devices.

In the case of catalytic applications, while ceramic-based porous catalytic membranes could provide
pressure drop one or two orders of magnitude smaller than that of randomly packed pellets enhancing
heat distribution and mass transfer [27], freeze cast samples are still largely unexplored [28]. In this
work, porous ceramic substrates have been produced by camphene freeze-casting of ceria-based
powders to be applied as catalytic membrane in hydrogen production reaction from methane.
Gadolinium-doped CeO> (GDC) was considered as starting material for its interesting redox
properties, high catalytic activity and low deactivation rate for hydrogen production [29-32]. GDC-
based slurries were firstly optimized in terms of nature and amount of deflocculant to obtain
homogeneous and reproducible samples. Process parameters (temperatures and freezing conditions)
have been afterwards evaluated for the development of porous membranes with high level of

interconnected porosity. The freeze cast GDC support (impregnated with Rh) was finally tested to
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produce hydrogen from oxy-reforming producing high methane and hydrogen conversions with

smooth thermal profiles.

2. Material and methods
Freeze-casting slurries were produced using Ceo.sGdo.202-4 (GDC 20, FuelCellMaterials, USA) as
starting powder, camphene (>95%, Sigma-Aldrich) as solvent and polystyrene (Sigma Aldrich) as
binder. A slurry was formulated considering 20vol% of ceramic powder in camphene and 10vol% of
polystyrene in respect to the powder. The addition of different types and amounts of deflocculants
was considered and evaluated: Brij 58 (Sigma Aldrich, Germany), Phospholan PE65 (Nouryon,
Sweden), Glycerin trioleate (GTO Sigma Aldrich, Germany), Hypermer KD1 (Croda, Italy),
Polyvinylpyrrolidone (PVP, Mw~29000, Sigma Aldrich, Germany). The slurries were prepared at
55°C, melting firstly the solvent and adding afterwards dispersant and powder. After 30 minutes of
stirring, the slurry was sonicated (Sonicator, ultrasonic processor XL, USA) for 5 minutes. After this
process, polystyrene was added to the GDC 20 suspension and the whole system was stirred for 90
minutes. The as-prepared slurry was then poured into a circular crown silicon mold supported on
metal plate kept at 0°C to obtain vertically aligned porosity. The cast samples were demolded after
30 minutes from casting and left for 3 days at room temperature to obtain the complete sublimation
of the camphene. The samples were then thermally treated at 1400°C for 4 hours to produce the final

GDC membranes, 2 cm height and with 1.4 cm of diameter.

2.1.Characterization methods
The size distributions of the GDC powder in the camphene using different deflocculants were
registered at 55°C using a dynamic light scattering analyzer (DLS Nano S, Malvern UK) after a
sonication treatment of 5 minutes in a sonication bath. For the first tests, samples with 4vol% of
powder and deflocculant concentration of 10vol% in respect to the powder were considered and

diluted 400 times for DLS measurements. Each measurement was the average of 15 performed
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analyses and was repeated 3 times. Viscosity measurements of as-produced suspensions were
performed using a controlled-stress rheometer (BohlinCVOR 120, Malvern Instruments) equipped
with serrated plates (diameter = 20 mm). All the measurements were performed at 55°C setting the
distance between the plates at 500 um. The samples for viscosity test contain the same concentration
of powder of the cast slurry and a fixed amount of 10vol% of deflocculants.

The final microstructure was investigated by scanning electron microscopy (Field Emission Gun -
Scanning Electron Microscopy, FEG-SEM, ZIGMA, Zeiss, Germany). The cross-section surface of
the sample was firstly embedded under vacuum in epoxy resin and then mechanically polished till
0.25 um finishing. Porosimetric analyses of the substrates were carried out by mercury intrusion
technique using Thermo Finningan Pascal 140 working at pressure from ambient to 400 kPa for pores
with diameter in the range between 3 and 1000 um. The permeability test was performed in an in-
house testing rig using N2 and applying the Darcy’s Law. The air permeability value was calculated

using the equation reported by Simwonis et al. [33,34].

2.2.Catalytic tests
The GDC membrane was impregnated with Rh nitrate (~10 wt% Rh in > 5 wt.% in HNO3 — BASF)
by incipient wetness impregnation, using an aqueous-acetone mixture (volume ratio 1:1). The use of
acetone was found to be necessary to reduce the viscosity of the solution and allows a homogeneous
dispersion of the Rh-containing solution inside the membrane porosity. The impregnation was
followed by a drying step at 120°C and calcination at 500°C, to produce rhodium oxide by
decomposition of the Rh precursor. The final metallic Rh loading was 0.5%, expressed as grams of
metallic Rh over grams of support. In a typical experiment 1,80 grams of catalyst were employed.
The catalytic tests were carried out in a continuous tubular quartz reactor with an internal diameter
of 14 mm, where reduction was performed before the catalytic tests by heating the catalyst to 750°C
under hydrogen (50 ml/min) and keeping it at this temperature for 1 h. The impregnated membrane

catalyst, which consisted in a cylindrical monolith with a diameter of 14mm, was fitted inside the
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quartz tube, so that its aligned porosity allowed the fed gas to flow through it. A sliding thermocouple
placed in a 2 mm hole in the middle of the membrane was used to measure the temperature of the
monolith. The oxy-reforming process was performed feeding a mixture of methane, oxygen and
steam at different temperatures and steam to methane (S/C) ratios. Deionized water was feed by a
JASCO HPLC pump and fully vaporized before mixing with preheated Oz and CHa. The effluent wet
gaseous mixture (Hz, CO, CO2, non-converted CH4 and vapor) was fed to a condenser maintained at
about 0 °C in order to eliminate water vapor. The dry gas mixture (DG) was analyzed on-line by an
Agilent 490 micro gas chromatograph. Two catalytic tests were performed feeding a mixture of
methane, oxygen and steam or methane and steam, to perform the oxy-reforming [35,36] and catalytic
partial oxidation [37,38] processes respectively. In the oxy-reforming process, the feed composition
was adjusted to obtain a mixture with sub-stoichiometric ratio of H20 and O, namely an O./C ratio
of 0.21 and a S/C ratio of 0.70. The influence of temperature (550°C; 600°C; 650°C; 700°C and
750°C )was investigated at S/C of 0.7, while the effect of S/C (0.7; 1.0; 1.5; 2.0; 3.0) was studied at
750°C. Methane inlet flow was kept constant while S/C was increased which resulted in an increase
of the total inlet flux, hence of the gas hourly space velocity (GHSV). On the opposite, the O2/C ratio
was increased to 0.50 while the S/C was decreased to 0.50 in the catalytic partial oxidation
experiments carried out at 750°C.

Table 1 shows the reaction conditions used.

The monolithic membrane catalyst produced in this work (with a 0.5% Rh loading) was compared
with a reference catalyst, i.e. a more classical catalytic configuration, in the form of pellets. In fact,
CeGd powder, not submitted to freeze casting, was impregnated with the same amount of Rh and
shaped in pellets (0.84-1.41 mm). The same weight of catalyst was loaded into the reactor for both
monolith and pellets to compare catalysts with the same amount of Rh. The catalysts were compared
in the oxy-reforming process at 750°C, 1 atm, O/C 0.2 and S/C 0.7, which resulted in a weight hourly

space velocity (WHSV) of 1.50 1-ht-g cat™ for both catalytic systems.



Table 1. Operative conditions employed in the catalytic tests.

Operative Parameter Oxy-reforming Catalytic Partial
Oxidation

Temperature (°C) 550; 600; 650; 700; 750
750

Pressure (atm) 1 1

GHSV (h?) 2900; 3400; 4150; 3100

4900; 6450

WHSV (I'hl-g cat?) 1.5; 1.74; 2.15; 2.53; 1.6
3.31

Methane feed (ml/min) 24 0.5

Oxygen to carbon ratio (O2/C) 0.21 0.5

Steam to carbon ratio (S/C) 0.7;1.0; 1.5; 2.0; 3.0 0.5

The results were expressed in terms of methane conversion that was taken as reference to evaluate
the activity of the catalyst. It was compared with the conversion calculated at the thermodynamic
equilibrium. The CEA-NASA software was employed to obtain the outlet composition at the
thermodynamic equilibrium. The software gives the molar gaseous outlet composition (non-
converted CHs and H20, CO, CO,, H, and deposited carbon if present), starting from the feed

composition in terms of molar percentage, the reaction temperature and pressure.

3. Results and discussion

3.1.Membrane synthesis
The suspension and process parameters for the production of GDC membrane were firstly studied
and optimized, starting from the nature and amount of deflocculant needed for the production of a

stable camphene-based slurry. The type of deflocculant has to be chosen taking into account the
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nature of the dispersing medium and the slurry preparation conditions. Camphene is a non-polar
solvent than should be used at temperature higher than 45°C to assure a liquid state. Furthermore, its
high volatility can hinder a homogeneous porous structure along the entire thickness during the
freezing step. For these reasons, all the analyses and processes done in the frame of this work were
carried out at 55°C and in closed chamber. The non-polar nature of the solvent lead to consider
deflocculants with a mainly steric action. This stabilization mechanism is generally assured by long
chain molecules or polymers, which can remain free in the dispersing medium. These systems are
characterized by an anchoring group that enable the interaction with the particle surface, and the
length of the adsorbed chains that must be long enough to provide the desired hindrance effect [39].
The Brij 58, Phospholan PEG65, Glycerin trioleate, Hypermer KD1 and Polyvinylpyrrolidone
deflocculants were tested in this study as it is reported in the Experimental part. As reported by
Moreno [39] the stability of a suspension can be evaluated using different techniques such as particle
size, zeta potential, sedimentation and rheological behaviour. Due to the non-polar nature of the
solvent, particle size and rheological tests were selected to determine the stabilizing capability of each
deflocculant.

Figure 1, shows DLS values of powder mean diameters recorded for camphene suspensions with
different deflocculants. Particularly, Phospholan PE65, glycerine trioleate (GTO) and Hypermer KD1
showed the lower particle mean sizes (ranging from 730 to 810 nm), indicating the better ability of
these deflocculants to disperse particles. It is important to note that these values are higher than the
aggregates sizes shown in the SEM micrographs of the powder (Figure 2). DLS analysis registers, in
fact, a hydrodynamic diameter of the moving unit inside the solvent [40,41], that includes the
deflocculant adsorbed on the particle surface and the coordination sphere. The lower mean particle
sizes for Phospholan PE65, glycerine trioleate (GTO) and Hypermer KD1 can be ascribed to the
better absorption capacity of these deflocculants on the powder surface [39]. On the contrary, Brij58

and polyvinylpyrrolidone (PVP) show size values comparable or slightly lower to the sample without
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a deflocculant component indicating the

agents.

Mean Z Average (nm)

insufficient dispersing and/or anchoring ability of these

—

——

H

Figure 1. Mean particle size of the powder-deflocculant suspension evaluated using DLS analysis.

Figure 2. SEM micrographs of the GDC 20 powder used in this study.
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It must be noted that particle size is measured with very dilute suspensions [39,41]. Since the solid
loading increases the interactions among particles, viscosity measurements using suspensions with
the same powder concentration of the freeze casting slurry were considered to test the best dispersing

properties of deflocculants in real conditions.

100
—e—No dispersant
—o—Phospolan PE65
—x—GTO
. —+—Brij 58
10 \ —o—Hypermer KD1
w ——PVP
[\
e o g
= ¢
g 1
a
S
0.1
0.01
0.01 0.1 1 10 100 1000 10000

Shear Rate (1/s)

Figure 3. Viscosity values of the GDC 20 slurries containing the different deflocculants.

The registered viscosity curves (Figure 3) show a pseudoplastic behaviour for all the considered
slurries. In particular, the lower viscosity recorded for Phospholan PE65 and GTO suspensions,
indicates the better stabilization ability of these deflocculants confirming the trend previously showed
by DLS analyses (Figure 1). On the contrary to what expected, the suspension containing Brij58
presents good stabilizing properties, at high shear rate, probably due to the alignment of the long
hydrophobic alkyl chains that leads to an increased lubrication of the system. Conversely, the
suspension with PVP shows the highest viscosities for all the range of shear rates values considered,
due to the polymeric nature of the deflocculant that, in concentrated suspension, increases the system

viscosity.
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Among the others, Phospholan PE65 shows the best stabilizing ability and, for this reason, was
selected as deflocculant for the GDC slurry. The viscosities determined in suspensions for different
concentration of Phospholan PE65 in respect to the powder (Figure 4a) show an optimal deflocculant
concentration between 5 and 10 vol% in respect to the powder. By DLS measurements a scan from 5
to 10vol% of deflocculant was considered and the optimal concentration was assessed to be equal to
6%, corresponding to the lowest value of mean particle size registered (Figure 4b). This deflocculant

amount was, therefore, selected for the production of the freeze cast slurries.

10
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Figure 4. Viscosity of the GDC 20 slurries a) and mean size of the suspensions b) containing

different amounts of Phospholan PEG65.

Cylindrical membranes were produced by directional freeze casting keeping the bottom part of the

mould at 0°C. The sintered samples show a high level of porosity (74.7 + 0.2) vertically aligned

(Figure 5) with a pore diameter of 7.1 £ 0.1 pm.
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Figure 5. SEM micrographs of the a) polished and b) fresh fracture of the sample produced by

directional freeze casting.

As reported elsewhere [21,22,42], one of the main issues linked to the production of freeze cast
supports is the production of non-homogeneous microstructure along the sample’s height due to
inhomogeneous temperature gradient. To check this effect, the cross section of the samples produced
were analysed in different positions along the sample height. The membranes show four regions with
different microstructures: the bottom, in contact with the cooling metallic surface (1), the central body
showing two different structure of porosity (Il and 111) and the top surface, in contact with air during

the freezing (IV). The specific microstructures of each region are shown in Figure 6.

Figure 6. SEM micrographs of the polished (on the left) and fresh fracture (on the right) at different

height of the freeze cast sintered sample.
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The bottom part of the sample shows a dense layer of 150-200um due to the rapid solidification of
suspension that probably hinder particles rearrangements in the first micrometres of the membrane.
In zone 1l (Figure 6), dendritic aligned porosity structures typical of camphene crystal formation were
formed [21,43,44] with a preferential orientation. Beyond the zone 11, the temperature gradient further
decreases producing a second dendritic growth (part 111) coming from the primitive dendritic arms,
resulting in the formation of equiaxed pore structures [22]. As the temperature gradient decreases, in
fact, more time the camphene molecules have to diffuse and form dendritic crystal. Finally, the upper
part of the sample shows a 15-20 um thick dense layer attributed to the fast evaporation of melted
camphene from the sample surface in the early stage of freezing, resulting in a layer with high solid
content [21,22]. Some authors [43], exploit this fast evaporation related to the relatively high vapour
pressure of camphene [21], to produce asymmetric porous-dense microstructures, engineering the
dense layer thickness by the control of process parameters during freezing. However, for the
development of catalytic membranes, an open pore structure is crucial to assure the permeability of
gases inside the catalytic supports [28]. For this reason, the process parameters were changed to
produce samples without a densified layer. Since the formation of the bottom dense layer is attributed
to the fast freezing in that part of the sample, the freezing temperature was increased in order to
decrease the temperature gradient along the sample. In particular, since the camphene melts between
44-48°C, temperatures of 5 and 35°C were selected for the study of the freezing process. As shown
in Figure 7, using a freezing temperature of 5°C (Figure 7 b) the GDC support shows bottom dense
layer of reduced thickness (30-50 um) in respect of sample frozen at 0°C (Figure 7a). Furtherly
increasing the temperature to 35°C (Figure 7 c), completely avoided the formation of dense layer i
and the bottom part of the sample (Figure 7 d) shows an open porous microstructure appropriate to
gas permeation. 35°C was then selected as freezing temperature for the production of the next
samples. In the same way, the process conditions to avoid the formation of the upper dense layer was
studied. More specifically, the formation of this layer is attributed to the evaporation of melted

camphene during the first part of the freezing. To reduce the evaporation speed, the sample was frozen
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in a chamber saturated of solvent (Figure 8 b) producing, in this way, upper dense layer thinner (of
few micrometres) in respect to the 0°C sample (Figure 8 a). GDC support without upper dense layer
was obtained casting the slurry in a mould placed inside a water bath (at 35°C), with the water level
higher than the mold height. In this way, the head of water on the top of the sample completely avoid
the solvent evaporation during freezing producing homogeneous open cellular structures in the entire

volume.

Figure 7. SEM micrographs of the polished fractures of the bottom part of samples frozen at a) 0°C,

b) 5°C and c) 35°C. Figure d) is a fresh fracture of the sample frozen at 35°C.

Figure 8. SEM micrographs of the polished fractures of the upper part of samples frozen at 35°C a)

in air, b) in camphene saturated chamber and c) in water bath.

16



Increasing the freezing temperature, the total volume of porosity and the mean pore diameter of
samples increases, as shown in Table 2 and Figure 9 a). This phenomenon is well known in literature:
as reported by Deville [21] a faster freezing rate leads to the formation of a finer microstructure and,
therefore, a finer porosity. In the same way, the cooling rate has also a slight effect on the pore
volume. The sample frozen at 35°C in a water bath, shows narrower pore size distribution (Figure 9
a), confirming the superior homogeneity of the microstructure of this sample in respect to the ones
cast at 0 and 5°C. On the other hand, the sample frozen at 0°C shows the widest pore size distribution
due to the different freezing speed along the sample height, confirming the morphological data
(Figure 6) previously discussed. The gas permeability level of the supports (Table 2 and Figure 9 b)
increases in accordance to the sample’s porosity confirming a higher permeability of the membrane

frozen at 35°C, in water bath. This sample was, therefore, selected for the next catalytic tests.

Table 2. Values of porosity, mean pore diameter and permeability of the produced samples.

Freezing Temperature (°C) Porosity (%) Mean pore Permeability (m?)

diameter (um)

0 747 +2.0 7.1+0.1 3.9x 107
) 76.7+3.0 11.8+0.6 8.3x 10"
35 79.7+1.6 143+0.4 1.0x 10"

17
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Figure 9. Pore size distribution a) and Darcy permeability values b) of the produced samples

3.2.Catalytic tests

To test the catalytic properties of the selected membrane catalyst in oxy-reforming, the influence of
the oven temperature on the performances was firstly studied at S/C of 0.7 and O/C of 0.2. As shown
in Figure 10, a methane conversion of 46%, slightly lower than the equilibrium one (52%), was
obtained at 550°C. In these conditions, the equilibrium is not reached in the system due to the low
temperature employed for the oxy-reforming process, which limits the kinetic of the catalyst. A
hydrogen production of 0.7 I/h was obtained.

Increasing the reaction temperature promotes the catalytic activity (Figure 10) leading to higher
experimental and equilibrium methane conversions. The equilibrium conversion is reached for
temperature equal and above 650°C with the highest value of conversion (90%) obtained at 750°C.
High level of conversions could be obtained even at lower S/C and O/C values. The use of low S/C
may lead to a cheaper process in terms of reactor volume and steam cost, with respect to the classical
industrial steam reforming, which is usually carried out at S/C above 3 [45]. Hydrogen production

was also raised for the same reason, reaching 1.6 I/h at 650° and 2.7 I/h at 750°C.
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Figure 10. Methane conversion, equilibrium methane conversion and hydrogen production obtained

at S/C 0.7, O/C 0.2, 1 atm, GHSV 2900 h and different temperatures.

In order to study the effect of steam concentration on the catalytic activity, the S/C was increased
maintaining at 750°C the reaction temperature (Figure 11). At low S/C, the equilibrium is reached at
90% conversion. Increasing the S/C, the equilibrium conversion raises due to the higher amount of
steam (reagent of the SR reaction). However, a slighter increase is observed for the experimental
conversions. This is due to the fact that SR and CPO kinetics are controlled by the rate-determining
step of methane decomposition to adsorbed carbon atoms [46]. As the methane to Rh ratio is not
varied in these tests, the activity of the catalyst, hence the conversion, only slightly varies with the
presence of steam.

Nevertheless, the increase in conversion raises the hydrogen production from 2.7 at S/C 0.7 t0 3.1 I/h
at S/C 1.5 and S/C 2 and 3.2 I/h at S/C 3. Thus, hydrogen production can be increased by increasing
the amount of steam fed. However, a plateau is reached at high steam to methane ratios. Since the
increasing of the steam amount raises the process cost, S/C 1.5 seems to be an optimum compromise

between the hydrogen productivity and operating cost.
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Figure 11. Methane conversion, equilibrium methane conversion and hydrogen production obtained
at 750°C, O/C 0.21, 1 atm, and S/C 0.7 (GHSV=2900 h'), 1.0 (GHSV=3400 h), 1.5 (GHSV=4150

h%), 2.0 (GHSV=4900 h%) and 3.0 (GHSV=6450 h%).

Interestingly, small temperature variations were observed over the structured catalyst. In fact, the
temperature along the catalytic bed was found to be homogeneous, with variations of less than 8°C
over the catalyst. In general, catalytic bed temperatures are slightly lower than the oven temperature,
as the thermocouple is placed in the middle of the reactor, over the catalyst. There, the endothermic
SR, which is the predominant reaction that takes place in oxy-reforming, contributes to lower the
temperature by approximately 10°C. The employment of a unique ceramic membrane in respect to
pelleted catalysts, favours heat transfer and allows to obtain smooth thermal profiles without
endothermic or exothermic peaks (Figure 12), which can be produced in the oxy-reforming process
[47,48]. To further confirm this, the oxy-reforming reaction was carried out at 750°C and S/C 0.7
over analogous pelleted catalyst. The results of the test in terms of conversion are reported in Table
3 while the thermal profiles of the catalytic bed are shown in Figure 12b. The two catalytic membranes
show similar conversions as the equilibrium was reached in all cases thanks to the favourable

conditions. However, it is interesting to see that different thermal profiles were developed over the
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catalytic bed (Figure 12b). In particular, a higher temperature was recorded in the case of the pelleted
catalyst, in particular at the beginning of the catalytic bed. This trend is due the occurrence of the
exothermic CPO at the beginning of the catalytic bed and of the endothermic steam reforming at the
end of it, which can cause a different heat distribution over the catalytic bed with hot spots in its first
part. The use of a structured membrane catalyst allowed to homogenously distribute the heat and
lower the catalytic bed temperature, thanks to the absence of grain boundary which favoured heat
exchange [49].

A homogeneous temperature profile was obtained even when the S/C was decreased from 0.7 to 0.5
and the O/C was increased from 0.2 to 0.5, in an oxygen-enriched oxy-reforming. In this case a higher
bed temperature was recorded due to the increased amount of oxygen which favoured the exothermic
CPO. The difference in catalytic bed length was caused by the different apparent density of the two
catalytic membranes. The absence of hotspots over the freeze cast membranes is helpful in decreasing
catalyst deactivation and runaway risk [50].
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Figure 12. Catalytic bed temperature profile at different conditions varying the oven temperature (a)
and the catalyst (b).
Table 3. Experimental and equilibrium conversion obtained by the catalytic membrane and pelleted

catalyst in oxy-reforming at 750°C with S/C 0.7 and O/C 0.2 or S/C 0.5 and O/C 0.5.

Catalyst 750°C; S/C 0.7; O/C 0.2
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Exp. conversion Eq. conversion WHSV (I'htlg GHSV (h?)

cat™)
Monolith 90 90 1.50 2900
Pelleted 89 89 1.50 4100

4. Conclusions

In this work, GDC-based membranes were successfully produced by camphene freeze casting through
an accurate study of suspension stability and process parameters. Phospholan PE65 was selected as
best deflocculant in amount equal to 6 vol% in respect to the powder to provide the best slurry
stabilization. Inhomogeneous heat transfer inside the sample causes changes in the microstructure
and porosity along the sample height: sample with dense layer, aligned dendritic channel and
equiaxed pore were produced freezing the bottom part of the sample at 0°C. The formation of the
upper dense layer was linked to the fast camphene evaporation during freezing. The presence of a
dense layers was completely avoided increasing the freezing temperature at 35°C and casting sample
in a water bath to hinder camphene evaporation. Catalytic membranes produced in this way showed
high values of porosity, permeability and homogeneous microstructure. The possibility to exploit
freeze cast GDC catalyst in high temperature oxyreforming reaction for hydrogen production from
methane has been evaluated. High methane conversions, close to the equilibrium value, and high
hydrogen production are obtained in different reaction conditions. In addition, the use of a unique
ceramic membrane in respect to pelleted catalysts allows a smooth thermal profiles without the
evidence of endothermic or exothermic peaks. As preliminary study, it has to be noted that low
methane fluxes were employed reducing methane conversion and heat development compared to

conventional low contact time operations. Future works, will be focused on the production of

22



membrane with low pressure drops, able to sustain high fluxes of reagents, similar to industrial

conditions.
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Figure Caption

Figure 1. Mean particle size of the powder-deflocculant suspension evaluated using DLS analysis.
Figure 2. SEM micrographs of the GDC 20 powder used in this study.

Figure 3. Viscosity values of the GDC 20 slurries containing the different deflocculants.

Figure 4. Viscosity of the GDC 20 slurries a) and mean size of the suspensions b) containing different
amounts of Phospholan PEG5.

Figure 5. SEM micrographs of the a) polished and b) fresh fracture of the sample produced by

directional freeze casting.
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Figure 6. SEM micrographs of the polished (on the left) and fresh fracture (on the right) at different
height of the freeze cast sintered sample.

Figure 7. SEM micrographs of the polished fractures of the bottom part of samples frozen at a) 0°C,
b) 5°C and c¢) 35°C. Figure d) is a fresh fracture of the sample frozen at 35°C.

Figure 8. SEM micrographs of the polished fractures of the upper part of samples frozen at 35°C a)

in air, b) in camphene saturated chamber and c) in water bath.

Figure 9. Pore size distribution a) and Darcy permeability values b) of the produced samples

Figure 10. Methane conversion, equilibrium methane conversion and hydrogen production obtained
at S/C 0.70, O/C 0.21, 1 atm, and different temperatures.

Figure 11. Methane conversion, equilibrium methane conversion and hydrogen production obtained
at 750°C, O/C 0.21, 1 atm, and S/C.

Figure 12. Catalytic bed temperature profile at different conditions varying the oven temperature (a)

and the catalyst (b).

Table Caption

Table 1. Operative conditions employed in the catalytic tests.

Table 2. Values of porosity, mean pore diameter and permeability of the produced samples.

Table 3. Experimental and equilibrium conversion obtained by the catalytic membrane and pelleted

catalyst in oxy-reforming at 750°C with S/C 0,7 and O/C 0,2 or S/C 0,5 and O/C 0,5.
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