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instance, high temperatures and different ranges of pH . The inorganic
membranes are more expensive than the polymeric membranes, however,
they possess advantages such as resistance toward solvents, a well-defined
stable pore structure (in the case of porous inorganic membranes), high
mechanical stability and elevated resistance at high operating
temperatures. Ceramic membranes generally have a macroporous support,
one or two mesoporous intermediate layers and a microporous or a dense
top layer. The bottom layer provides mechanical support while the middle
layers bridge the pore size differences between the support layer and the
top layer where the actual separation takes place %

Figure 1.4: Schematic representation of an asymmetric composite membrane 2,

1.1.2. Membrane Reactor (MR)

A membrane reactor is a device that combines a membrane separation or
distribution process with a chemical reaction in one unit. Membrane
reactors are capable of promoting a reaction process by: (1) selectively
removing at least one of the products from the reaction zone through the
membrane, making the equilibrium reaction shift to the product side; (2)
supplying only a particular reactant to the reaction zone giving an optimum
concentration ratio of the two reactant streams. As aresult, the yield
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can be increased (even beyond the equilibrium value for equilibrium
reactions) and/or the selectivity can be improved by suppressing other
undesired side reactions or the secondary reaction of products °.

The simultaneous separation show advantages related to the process and
the reaction: (1) it reduces the flow rate of the reactant stream, whilst
increasing the residence time; (2) it increases the reactant concentration
and hence the forward reaction rate; (3) it reduces product concentration,
reducing the reverse reaction rate *. An important advantage is that in the
reactor the membrane is able to retain homogeneous catalysts. Thus, it
allows continuous operation without needing to separate and recycle
catalysts °.

Membrane reactors usually follow three generic approaches these include
extractors, distributors and contactors: membrane reactors as an extractor
selectively remove certain products from the reaction zone **. The MR as a
distributor enhances the selectivity through optimizing the reactant dosing
°. That is, distributing one of the reactants selectively '. Both a perm-
selective and a nonperm-selective membrane can be used to distributive
one of the reactants >. The membrane reactor as a contactor intensifies the
contact between reactants and the catalyst . See figure 1.5
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Figure 1.5: Extractor, distributor and contactor approach for (a) MR and (b) CMR

The principal types of membrane reactors are *:

¢ Catalytic membrane reactor (CMR),

¢ (Catalytic non-permselective membrane reactor (CNMR),
* Packed-bed membrane reactor (PBMR),

* Packed-bed catalytic membrane reactor (PBCMR),

*  Fluidized-bed membrane reactor (FBMR),

*  Fluidized-bed catalytic membrane reactor (FBCMR),

* Nonperm-selective membrane reactors (NMR),

* Reactant-selective packed bed reactors (RSPBR).

The different types of MRs are summarized in the figure 1.6
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1.1.3. Catalytic membrane reactors (CMR)

A catalytic membrane reactor is a device whose permselective membrane
10,11
%, In the

catalytic membrane reactor, the membrane provides simultaneously the

is of the catalytic type or has a catalyst deposited in or on it

separation and reaction functions. To accomplish this, one could use either
an intrinsically catalytic membrane where the same material acts as a
catalyst and membrane (e.g., zeolite or metallic membrane) or a
membrane that has been made catalytic through activation, by introducing
catalytic phases by either impregnation or ion exchange, in this case, a
membrane only facilitate transfers #*2. For instance, palladium membrane
were first to be used in catalytic membrane reactor applications because of
their unique hydrogen permselectivity .

Targeted benefits of catalytic membrane reactors are focused on different
levels: a) process level, eliminating process units and phase changes
between them. The integration of a separation function into the reactor
allows the number of process units to be decreased, b) reactor level,
optimizing the contact between the phases and the dosing strategy, and c)
catalyst level, influencing catalysis through the chemical nature of the
membrane .

The catalytic membrane reactor can be used as an extractor, a distributor,
contactor or a combination of these . The CMR as a contactor can be used
following two modes, that is interfacial and flow-through (see figure 1.5) 8.

In the interfacial contactor mode, the reactants are separately introduced
from each side of the membrane, and meet in the catalyst zone 2. The
interfacial catalytic contactor approach provides an opportunity for a one
stage process. Using hydrophobic porous membranes, three principal
functions are performed: (i) the gas—liquid interface is well defined and
easily controlled, (ii) it provides catalyst accessibility for gaseous reagents,
(iii) high gas mass transfer .

For an unselective interfacial contactor, two different reactants of the
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same phase are separated by a porous membrane forming an interface
inside the membrane. The reactants remain separated until they reach the
catalytically active centers on the pore surface where the reactions take
place. In this arrangement a permselectivity is not required, the membrane
only provides the reaction zone. The partial pressure difference forces the
reactants to diffuse towards each other until they meet in the catalytic
zone. If the reaction is faster than the mass transport in the membrane, a
reaction front is formed which prevents the permeation of unreacted
components °.

The other contactor mode is the flow-through contactor. In this mode, the
mixture of reactants is forced through the membrane, i.e. through the
catalytic pores. Contact time and are permeation regime in the active pore
itself, can directly be adjusted from the operative conditions and adapted
to required values, which is hardly feasible in conventional reactors 2. In
this concept an unselective porous catalytic membrane is applied in the
dead-end mode, forcing the reactants to flow through the membrane. The
function of the reaction is to provide a reaction space with short controlled
residence time and high catalytic activity. Even for low solubility high
pressures are not required, e.g. the gas is supplied directly where it is
consumed. Catalytic membrane reactors in flow-through mode is mostly
applied to gas-phase reactions, with a few exemptions of liquid phase or
multi-phase reactions °.

The unselective interfacial contactor is the concept most closely related to
the flow-through catalytic membrane reactor. Both use unselective
catalytic membranes and in both concepts the membrane provides the
reaction space. Consequently, the applications are somewhat similar. The
difference is, that in the interfacial contactor mode the reactants are fed
from different sides of the membrane, whereas in forced flow-through
mode the premixed reactants are supplied from the same side in dead-end
mode °.

Among the different potentially promising applications for catalytic
membrane reactors are the hydrogenation and oxidation processes:
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Hydrogenation reactions can be performed using catalytic porous
membrane reactors. The CMRs act as a contactor between the liquid and
gaseous reactants as well as host for the catalyst, which is placed in the
porous framework of the membrane. The porous membranes create a
triple-point interface between the three different phases (gas, liquid, and
the solid catalyst on the membrane); this decreases the mass transfer
limitations typically encountered with classical slurry or trickle-bed

reactors 12.

The selective catalytic hydrocarbon oxidation reactions are difficult to
implement because, in general, the intermediate products are more
reactive towards oxygen than the original hydrocarbons. The result is often
the total oxidation of the original substrate. One of the ways to increase
the selectivity towards the intermediate products is to control the oxygen
concentration along the reactor length. This can conveniently be
implemented by the use of the catalytic membrane reactor approach. The
use of a membrane allows for the oxygen and the hydrocarbon reactants
to be fed into different compartments. The most preferable configuration
is the CMR containing the catalytic phase providing a reactive interface
where the reaction takes place ™.

1.2. Objectives

The main objective of this thesis was to prepare catalytic membrane
reactors following different methods and applying them in diverse
applications regarding water treatment. The prepared catalytic
membrane reactors must be able to generate hydrogen peroxide directly
from hydrogen and oxygen. The palladium will be used as a main
catalytic phase in order to promote the reaction in near ambient
conditions.

The specific objectives are summarized as follow:

* To establish different methods for palladium nanoparticle
preparation.
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* To develop methods for preparation of CMRs by depositing the
Pd phase obtained by the different routes into the reaction zone.

* To test the catalytic membrane reactors in abatement of organic
and inorganic pollutants in water.

* To test the catalytic membrane reactors in hydrogenation

processes.

* To study whether the hydrogen affects the palladium
nanoparticles during the experiments by means of different
techniques e.g. TPD-MD, XRD, TEM and HRTEM.

1.3. Contents

The thesis is divided into five chapters described briefly below.

After the introductory chapter, chapter Il presents the procedures
developed for the preparation and characterization of the catalytic
membrane reactors. It includes detailed descriptions of the methods used
for the synthesis and loading of cerium and iron oxide by impregnation into
the CMRs. It also includes the methods used to prepare and load the Pd
nanoparticles obtained by impregnation, sputtering, microemulsion as well
as the method for synthesis of palladium copper alloys using the polyol
route. Moreover, the methods used to characterize the catalytic
membrane reactors, such as transmission electron microscopy (TEM), X-ray
diffraction (XRD) and temperature programmed desorption (TPD) are
described.

In Chapter Ill a discussion is presented about the different applications in
which the catalytic membrane reactors were tested. In section 3.1, the
catalytic membrane reactors used to reduce chromium (VI) to chromium
(1) with hydrogen as a reducer are analyzed and compared. In section 3.2,
the results for phenol abatement in a water solution using the proposed
CMRs are presented. Special emphasis is made about the chemical
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reactions involved during the phenol elimination. Finally, the elimination of
ibuprofen from an aqueous solution using the CMR is studied.

In chapter IV a description is provided for the different methods used for
Pd deposition, but here applied for deposition on corundum powder.
Thereafter, the attention is focused on the different interaction between
the Pd and the hydrogen in conditions similar to those used in the
experiments with the CMRs. The results obtained by different techniques
e.g. TPR/O, HRTEM are presented. Finally a tentative explanation for the
Pd deactivation caused by the hydrogen is also presented.

Finally, in chapter V the conclusions and recommendations for future work
are summarized.
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CHAPTER Il

Catalytic Membrane Reactors: Preparation and
Characterization

2.1 Preparation of catalytic membrane reactors (CMRs)
2.1.1 Corundum hollow fibers

2.1.2 Methods of preparation of the catalytic membrane reactors
a. Cerium and iron oxide by impregnation

b. Palladium by impregnation

c. Palladium by sputtering

d. Palladium by microemulsion

e. Palladium and copper alloy by polyol route

2.2 Characterization of catalytic membrane reactors (CMRs)
2.2.1 Transmission electron microscopy (TEM)
2.2.2 X-ray diffraction (XRD)
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2.Catalytic membrane reactors: Preparation and
characterization

2.1. Preparation of catalytic membrane reactors (CMRs)

2.1.1. Corundum hollow fibers

Corundum hollow fiber membranes of 4 nm, 200 nm and 1400 nm of
porous size for ultra and nano filtration manufactured by Ceparation 1y
were used as the starting material for the preparation of the catalytic
membrane reactors. Each hollow fiber is made of alpha alumina (a-Al,Os).
The hollow fiber membranes present chemical resistances to different
chemicals in a wide range of pH (1-14). Additionally, these fibers have high
thermal stability and as a result, they may be used at temperatures up to
1000 °C. The porosity of the membranes varied from 10 % to 15 %. The
used membranes have an inner diameter of 2 mm and an outer diameter
of 3 mm with a total length of 300 mm. Each catalytic membrane reactor
was prepared by using a 150 mm fragment of the membrane.

’

Figure 2.1: A corundum hollow fiber membrane that is 150 mm in length.

2.1.2 Methods used to prepare the catalytic membrane reactors

The catalytic membrane reactors used in this study are obtained after the
active phases are supported within the corundum hollow fiber membrane.
Different routes and methodologies have been developed and followed in
order to incorporate the palladium catalytic phase into the ceramic
supports. Two kinds of catalytic membrane reactors were prepared. In the
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first case, only Pd was deposited by impregnation. In the second case,
additional active phases were incorporated prior to the Pd loading.

a. Cerium and iron oxide on CMR obtained by impregnation method.

The CMRs that contain cerium oxide and iron oxide were prepared using
the impregnation technique starting with water soluble precursor salts:
Ce(NO3)3.6H,0 (purity grade > 99.9 %, Aldrich) and FeCls.6H,0 (purity grade
> 99 %, Sigma—Aldrich). Each solution was prepared in an adequate
concentration in order to obtain around 2 % (w/w,) in weight of each
oxide per weight of the membrane.

In the cases that the CMRs contain transition metal oxides, the iron and
cerium salt precursors were impregnated from an equimolar water
solution into the hollow fiber membrane. Once the impregnation was
finished, the membrane was dried in a special vessel under vacuum for 30
min. During this step the fiber was rotated along its axis in order to avoid
preferential deposition of the salts onto the ceramic support. Thereafter,
the CMR was dried at 120 °C for 2 h, and finally was calcined at 450 °C for 6
h.

The amounts of oxides deposited were calculated by the weight difference
between the originals and the modified membranes. Once, the CMRs
containing cerium oxide and iron oxide were obtained, subsequent
incorporation of the Pd was performed. The palladium or palladium alloys
were introduced following different methods:

* By impregnation of the soluble Pd precursor.

* By sputtering using a specially prepared device.

* Synthesis of Pd or Pd-Cu nanoparticles in microemulsions
following different methods. Once the active phases were
prepared the deposition onto the CMRs was done by filtration.
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b. Palladium on CMR obtained by impregnation method.

Palladium was added by impregnation from its soluble salt to the original
membrane or to the membrane incorporated with transition metal oxides
(cerium and iron oxides).

The procedure of Pd deposition onto the membrane has been thoroughly
described by Osegueda. et al. . The precursor salt solution of palladium
was PdCl, (Johnson Matthey) with 59.83 % of the noble metal. Firstly, a
known amount of the precursor salt was added into Milli-Q water, whilst
stirred. Then, concentrated hydrochloric acid (purity grade of 37 %, sigma
Aldrich) was added in a drop wise manner into the solution until the salt
was completely dissolved. Finally, the concentration was adjusted with
Milli-Q water in order to achieve approximately 1 % of weight of Pd per
weight of the membrane.

The palladium precursor solution was impregnated into the membrane.
Once the impregnation was complete, the catalytic membrane reactors
were dried in a special vessel under vacuum for 30 min. In this step, the
CMR was rotated along the horizontal axis in order to avoid preferential
deposition of the salts onto the ceramic support. Furthermore, the CMR
was dried at 120 °C for 5 h and finally calcined at 450 °C overnight. The
palladium loaded onto the CMR was further activated by reduction under

20 sccm/min flowing hydrogen at 350 °C for 3 h.

The amount of palladium deposited was calculated by the weight
difference between the original and the modified membrane.

c. Palladium on CMR obtained by sputtering method

The incorporation of the catalytic phases onto the membranes by
impregnation is a well known technique that achieves homogeneously
distributed active phases within the supports. However in the case of the
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proposed CMRs, the chemical reactions occur at the external surface of the
membranes. In order to assure more efficient use of the precious metal it

has been developed a new method was developed for Pd deposition onto
the membranes by the use of a conventional sputtering chamber.

After the incorporation of cerium oxide and iron oxide in the hollow fiber
l. *°, the

catalytic phase of palladium was directly incorporated by sputtering. The

membrane, according to the method reported by Osegueda et. a

palladium was pulverized from a palladium target, Hauner metallische
werkstoffe with 99,95 % purity, in a standard sputtering chamber and
deposited on the external surface of the CMRs, using the K575X sputter
coater (Qourom Technologies). The equipment has a turbomolecular pump
working at a background vacuum in the low, 10 Pa. Deposition was
carried out using pure argon as a working gas. Palladium deposition was
carried out at 30 mA for 60 seconds of exposition.

In order to obtain a homogenous distribution of the noble metal, a special
assembly was used to rotate the catalytic membrane reactor continuing
the transition metals while the palladium was pulverized. Hence, palladium
was placed on the external surface of the catalytic membrane reactor. The
CMR was placed in a special support of gears within the assembly, which
was coupled to a small dc motor. The current was supplied from 2 x 1,5 V
batteries. The rate of rotation for the CMR was adjusted to 90 rpm. A
schematic diagram and pictures of the proposed device are presented in
figure 2.2.

At the same height, a glass plate was placed as a reference material
adjacent to the membrane, which was used to determine the thickness
(amount) of the Pd layer by means of X-ray reflectometry using a Bruker-
AXS D8-Discover diffractometer. The thickness of the Pd layer was
calculated from the X-ray diffractogram using the fast Fourier transform
(FFT) method.

Thereafter, the amount of palladium deposited onto the membrane
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was estimated taking into account the effective membrane area
exposed to the palladium beam as well as the rotation velocity.

1- Two batteries

2- DC motor /\

2b- DC motor start 3 \ (H
3- Hollow fiber — F N
4- Reference material . >

Figure 2.2: Schematic diagram of the assembly 7 used for sputtering of Pd onto the ceramic membrane
fibers.

Finally, the catalytic membrane reactor was dried at 120 °C for 2 h,
calcined at 600 °C overnight, and reduced at 350 °C under 20 sccm/min H,
for 2 hours.

d. Palladium on CMR obtained by microemulsion method

Another method was developed for the selective Pd deposition into the
reaction zones of the membranes. It consists of two steps; firstly, Pd
nanoparticles are synthesized in microemulsions. Secondly, after the
proper washing procedure the suspension containing the Pd nanoparticles
was filtered with the membrane (from the outer to the inner part of the
membrane) assuring the deposition of the active phase on the desired
membrane surface.

The microemulsion containing the Pd precursor was synthesized following
the procedure described by Wang et al. According to the authors, the

18 .
. The nanoparticles

obtained palladium nanoparticles are 8 nm in size
were obtained by mixing two microemulsions of water in oil. Both
microemulsions contained 17.78 % w/w of hexadecyltrimethylammonium

bromide (CTAB) as a surfactant (purity = 96 %, Fluka Analytical), 22.22 %
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w/w of n-butanol as a co-surfactant (purity 99.8 %, Sigma Aldrich), 40 %
w/w of iso-octane (from Pareac) and 20 % w/w of an aqueous solution of
the metal precursor or reducing agent. The palladium precursor aqueous

solution was 0.01 M Pd(NH;),Cl,. The second emulsion containing the
reducing agent was prepared using 0.5 M of hydrazine solution.

The solution of 0.01 M of the Pd(NHs)4Cl, was prepared by dissolving PdCl,
(Johnson Matthey, 59.83 % metal content) in 0.5 N hydrochloric acid. The
solution was adjusted to pH 9 using ammonium hydroxide (Sigma Aldrich).
The solution of 0.5 M H4N, was obtained by dissolving HsN,.OH (hydrazine
monohydrate with approximately 64 % of hydrazine, Sigma Aldrich) in
Milli-Q water. The two microemulsions were obtained under vigorous
stirring at ambient temperature after mixing the corresponding parts
described above.

In order to obtain the palladium nanoparticles, both microemulsions were
mixed and rapidly stirred at 450 rpm. In approximately 20 minutes the
palladium ions were reduced by the hydrazine and the Pd particles were
formed. The formation of the Pd particles was change was easily detected
due to the color change.

2Pd(NH3)42+ + H4N,+ 40H™ => 2Pd + 8NH3+ N, + 4H,0

To eliminate the excess surfactant, the solution was washes with ethanol
until no surfactant was observed. A simple test was used in order to verify
the presence of surfactant in the spent washing solution. A drop of the
spent solvent was placed on dark paper and after the ethanol was
evaporated a white stain remains indicating the presence of residual
surfactant. In order to separate the palladium nanoparticles from the liquid
after the alcohol addition, the mixture was centrifuged with a BR4i
centrifuge. The first separation was performed at 9000 rpm for 40 min;
the next was set at 8000 rpm for 20 min. In all cases, % parts of the liquid
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was withdrawn and tested for the presence of the surfactant. If the test
confirmed that are surfactant was still remaining in the solution, more
ethanol was added and the steps described above were repeated.

Finally, the washed palladium nanoparticles were obtained in the
form of a suspension in ethanol. Their deposition onto the external
surface of the chosen membrane was performed by a simple filtration
procedure from the outside to the inside of the membrane.

A schematic diagram of the process used is presented in figure 2.3

The Pd nanoparticles suspended in ethanol were placed in a 100 ml test
tube. The suspension was agitated using a magnetic stirrer. The chosen
CMR was placed in the test tube. One end of the CMR was tightly closed
and the other end was connected to vacuum. A cold trap was coupled to
the vacuum line in order to recover the permeated ethanol. The level of
liquid in the tube was maintained by continuously adding fresh ethanol.

During the filtration the Pd nanoparticles were retained on the external
membrane surface in a homogeneous manner assured by the stirring
process.

In order to measure the amount of palladium loaded onto the CMR,
samples from the different solutions were collected. Those solutions were
the initial and final feed solution from the test tube containing the
suspended Pd nanoparticles and the permeate solution retained in the cold
trap.

The Pd content in those samples was analyzed using inductively coupled
plasma spectroscopy, (Spectro ICP) after the appropriate digestion with HCI
and HNOs acids. Once the palladium was placed in the CMR, it was dried in
a special vessel under the vacuum for 30 min. Furthermore, the CMRs were
dried at 120 °C for 2 h and finally calcined at 550 °C overnight.
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The CMRs containing palladium were reduced under hydrogen flow
adjusted to 20 sccm/min using the Allicat Scientific mass flow controller at
350 °C for 3 h.

Pd * :
pd

Pd
Pd }
Pd *

* Pd

Pd o Pd*
Pd
Rd 1

Rd

Pd Pd <o
Rd

Pd 1 Pd "y . \)7
Clm— o O

Figure 2.3: Schematic diagram for deposition of the palladium nanoparticles prepared by the
microemulsion method on the hollow fiber membrane 1) CMR, 2) suspension of Pd nanoparticles 3)
permeate 4) stirred plate 5) vacuum 6) cold trap 7) glass with ice.

e. Palladium copper alloy nanoparticles on CMR obtained by polyol
synthesis route

The incorporation of copper into the crystal lattice of Pd does not decrease
the capacity of the resulting alloy for hydrogen activation in respect to the
pure Pd, but at the same time it stabilizes the crystal structure, such that
the formation of B-palladium (PdHx, x > 0.58) is prevented. In order to
check this assumption, Pd-Cu nanoparticles were synthetized in different
ratios. In order to synthesize the Pd-Cu alloy nanoparticles, the procedure
reported by Meshesha et al. *° with some modification was followed. The
Pd(CsH;0,), (Heraeus with 34.97 % of palladium) and Cu(NOs),.3H,0
(Sigma Aldrich of 98 % — 103 %) were used as precursors salts for palladium
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and copper, respectively. The palladium salt was dissolved in ethylene
glycol (99 % purity, Sigma Aldrich). The amount of palladium salt used was
adjusted in order to obtain a 0.05 M concentration. In another flask, a 0.05
M solution of copper salt in ethylene glycol was prepared. To each of those
solutions 1-hexadecylamine (HDA) (Aldrich, purity 90 %) was added in
molar ratio of 3:1 with respect to the metal content. In order to adjust the
Pd:Cu molar ratio to 4:1 the corresponding volumes from both solutions

were taken and mixed.

The mixture was stirred for one hour in an ice bath in order to avoid an
early metal reduction. The homogeneous mixture was then heated at 140
oC in a reflux for 12 h. During the temperature increase a color variation of
the liquid was observed; the initial green gradually transformed to blue,
then red to black in the end. The changes indicate the formation of Pd-Cu
alloy particles obtained by the reducing effect of ethylene glycol. The
surfactant molecules of HAD act mainly as stabilizers in the particles
formation. Finally, the nanoparticles were extracted with toluene.

The nanoparticles were deposited into the CMR containing the cerium and
iron oxide using the same procedure as described before for palladium
nanoparticles obtained by the microemulsion method (see figure 2.3).

2.2 Characterization of catalytic membrane reactors (CMRs)

2.2.1 Transmission electron microscopy (TEM)

In order to determine the size of the Pd nanoparticles in the catalytic
membrane reactor, transmission electron microscopy was employed. The
equipment used was the transmission electron microscopy, TEM, JEOL
model 1011 from Servei de Recursos Cientifics i Teécnics of URV.

A piece of the CMR was crushed and the powder was dispersed in ethanol.
Then, a drop of the sample in suspension was placed into a copper grid.
The grid was dried and placed in the TEM to be observed.
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The sizes of the observed Pd particles were determined using the ITEM
software (Olympus).

2.2.2 X-ray diffraction (XRD)

In order to identify the palladium and corundum crystals, pieces of the
catalytic membrane reactor were analyzed using X-ray diffraction. XRD
measurements were performed using the Bruker-AXS D8-Discover
diffractometer equipped with a parallel incident beam (Gobel mirror), a
vertical 6-6 goniometer, an XYZ motorized stage and a General Area
Diffraction System (GADDS). Samples were placed directly on the sample
holder and the area of interest was selected with the aid of a video-laser
focusing system. An X-ray collimator system allowed the analysis of 500
um areas. The X-ray diffractometer was operated at 40 kV and 40 mA to
generate Cuka radiation. The GADDS detector was a HI-STAR (multiwire
proportional counter of 30 x 30 cm with a 1024 x 1024 pixel) placed 15 cm
away from the sample. A frame (2D XRD patterns) covering 24 — 56° 26 was
collected. The exposure time was 900 s per frame and it was chi-integrated
to generate the conventional 26 vs. intensity diffractogram. Image scale:
small lines separation corresponds to = 100 um. The average area analyzed
was represented by an ellipsoid centered in the cross with a constant short
axis of 0.5 mm (N-S direction) and a variable long axis (from 1.5 to 0.6 mm
in the W-E direction). The analysis of the XRD diffractogram was performed
by the ICDD database (release 2007) using Diffracplus Evaluation software
(Bruker 2007).

2.3 Results

Table 2.1 summarized the catalytic membrane reactors obtained by the
different methods. The notation used to name the CMR has three parts:

- Beginning, active phase(s) included in the CMR: Pd (palladium), Fe (iron
oxide) and Ce (cerium oxide). * M means corundum hollow fiber
membrane without active phase(s).

56




- Middle, pore size of the hollow fiber membrane: 4 (4 nm), 200 (200
nm) and 1400 (1400 nm).

- End, first letter of the method used to obtain palladium or copper
palladium nanoparticles: i (impregnation), s (sputtering), m
(microemulsion), and p (polyol route).

Table 2.1: Catalytic membrane reactors

CMR Method Pores size (nm) % Fe,03 % CeO, % Pd
FeCe_1400_i Impregnation 1400 2.15 2.15 -
FeCePd_1400_i Impregnation 1400 1.5 1.5 0.3
FeCePd_200_s Sputtering 200 1.8 1.8 0.02
FeCePd_200_m Microemulsion 200 2.15 2.15 0.1
FeCePdCu_200_p Polyol route 200 2.15 2.15 0.5 (20 % Cu 80 % Pd)
Pd_1400_i Impregnation 1400 - - 0.9
Pd_4_i Impregnation 4 - - 0.75
M_1400 - 1400 - - -

M_4 - 4 - - -

In figure 2.4 a picture of the catalytic membrane reactors with commercial
hollow fiber membrane are shown, CMR with iron oxide and cerium oxide

and in the bottom CMR with iron oxide, cerium oxide and palladium.

Figure 2.4: Picture of different CMRs. Hollow fiber used for the blank tests, CMR with iron and cerium
oxide, and CMR with three phases, iron and cerium oxide and palladium.
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a. Pd particles on the three active phases CMRs obtained by impregnation
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Figure 2.5: TEM image of powder obtained from catalytic membrane reactor of CMR FeCePd_1400_i
after grinding.
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In order to examine the Pd particles on the CMRs, pieces of the reactors
were grinded into a fine powder. After the proper pretreatment of these
powder samples they were observed using TEM.

A representative picture corresponding to CMR PdFeCe_1400 i is shown in
fig. 2.5.

The Pd particle size distribution was determined after counting more than
113 particles. The obtained particle mean size was 8 nm with a standard
deviation of 4 nm. The minimum size was 3 nm and the maximum 19 nm.

Figure 2.5b also shows a histogram for the Pd particle size distribution
obtained in this analysis.

2.3.2 XRD

a. u-XRD analyses of palladium on a hollow fiber membrane used as base
of the CMR

An image of the 4 nm hollow fiber membrane with nominal pores and
diffractograms at five different points, are presented in figure 2.6. The
pieces of the hollow fiber of corundum are shown in figure 2.6a.

The diffractorams can be seen in Fig. 2.6b. The first two points represent
the inner part and the others three points below to the outer part of the
membrane. In the diffractogram, two high peaks characteristic of the
corundum at 26 of 37.7 and 43.3 and three peaks more at 26 of 25.5, 38
and 52.6.

This confirms the crystallinity of the corundum used in the hollow fiber
membrane. The XRD analysis of the CMR pieces confirmed the
homogeneity of the corundum membrane.
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Eanm-A1203 (2), 500um, 15cm, 3005 (002] - File: d8_ari49014_01 (002} raw - X: 3726 mm -Y: 4.139  [H00.046-1212 (") - Corundum, syn - A203
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lanm-A1203 (2), 500um, 15cm, 300 [006] - File: 08 ari49014_01 [006] raw - X: -1.759 mm - Y: 4.139

Figure 2.6: a) Pieces of M_4 measured at five points, two on the inner and three on the outer surface.
b) X-ray diffractograms obtained for the four points.
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b. u-XRD analyses of palladium on a catalytic membrane reactor obtained

by impregnation.

Q 1000 |

2-Theta - Scale

CMR1 (IN), 500um, 15cm, 900s - File: d8_arj49046_p1.raw - Type: Detector - Start: 23.160 ° - End: 56.8 Ecws-mam -Paladium, syn - Pd - Y: 9.29 % - d x by: 1. - WL: 1.54056 - Cubic - a 3.89019- b 3.890
Operations: Import EOWS-MSMD)- Corundum, syn - A203 - Y: 73.29 % - d x by: 1. - WL: 1.54056 - Rhombo.H.axes - a 4
'Y +5.0 mm - CMR1 (OUT), 500um, 15cm, 900s - File: d8 ari49048 p.raw - Type: Detector - Start: 23.29

Operations: Import

Y +10.0 mm - CMRT (IN), 500um, 15cm, 900s - File: d8_ar49046_p2.raw - Type: Detector - Start: 23.20

Operations: Import

'Y +15.0 mm - CMR1 (OUT), 500um, 15cm, 900s - File: d8_arj49047_p.raw - Type: Detector - Start: 23.1

b)

Figure 2.7: a) Pieces of CMR Pd_1400_i measured at four points, two on the inner and two on the outer
surface. b) X-ray diffractograms obtained for the four points.
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An image of the CMR piece and diffractograms at different points are
presented in figure 2.7 for the case of CMR Pd_1400_i. The registered
diffraction patterns on the outer and the inner membrane surfaces are
shown in figure 2.7a. The obtained diffractorams for this case can be seen
in Fig. 2.7b.

A piece of the membrane reactor is placed under the beam and the
reflected rays are collected at specific angles. The registered patterns
correspond to the area of 500 um?® and 20 um depth. The diffraction
patterns are obtained from two zones of each side of the membrane
reactors. The two characteristic high peaks of the corundum can be seen at
20 of 37.7 and 43.3. It is confirmed that the crystallinity of the material is
not disturbed. Moreover, a little peak of palladium is presented at 26 of
40.2. The XRD analysis of the CMR pieces confirmed a homogeneous active
phase distribution across the entire membrane.

c. u-XRD analyses of palladium, iron and cerium oxide on a catalytic
membrane reactor obtained by impregnation.
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Figure 2.8: a) Pieces of PdFeCe_1400_i measured at four points, two on the inner and two on the outer
surface. b) X-ray diffractograms obtained for the four points.

An image of the CMR pieces and diffractograms at four different points is
presented in figure 2.8 for the case of CMR PdFeCe_1400 i. The diffraction
patterns on the outer (in black) and the inner (in gray) membrane surfaces
are shown in figure 2.8a. The diffractorams can be seen in Fig. 2.8b. In the
diffractogram, two characteristic high peaks of the corundum at 26 of 37.7
and 43.3 can be seen as well as three peaks more at 26 of 25.5, 38 and
52.6 without disturbances. A peak at 26 of 40.2 corresponds to palladium.
The three peaks at 26 of 28.8, 33.3 and 47.9 correspond to cerium oxide.
The peak at 26 of 47 corresponds to iron oxide. The XRD analysis of the
CMRs pieces confirmed a homogeneous active phase distribution across
the entire membrane.

63




64




