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Abstract

Ce-Mn and Ce-Zr catalytic samples with different Ce/metal molar ratio have been prepared by coprecipitation followed by calcination at
moderate temperatures (350—450°C) and characterized by XRD, XPS, BET, TPR and SEM-EDX techniques. The preparation procedure of
analogous catalytic membranes over y-Al,O; ceramic supports has been also studied in order to control loading, distribution and composition
of the catalytic material inside the membrane thickness. To evaluate their catalytic performance, the combustion of n-hexane from air-diluted
streams has been carried out in both a conventional fixed bed reactor and a flow-through catalytic membrane reactor operating in Knudsen diffusion
regime. Surface area alone cannot account for the reaction performance achieved; however, the redox properties and oxygen mobility of the mixed
oxides have been revealed as key parameters controlling the catalytic activity. Although Ce-Mn powdered catalysts appear more active in n-hexane
combustion than their Ce-Zr counterparts; a strong deactivation phenomenon, more severe for Mn rich samples, is observed with time on stream

in contrast with Ce-Mn based membranes showing catalytic stability under equivalent reaction conditions.
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1. Introduction

Volatile organic compounds are an important class of pol-
lutants responsible of photochemical ozone in the ground level
and other oxidants. They are found in urban and industrial areas
due to the emissions of vehicles, industrial processes and human
activities. The total removal of highly toxic volatile organic com-
pounds (VOC’s) without secondary pollutants requires the best
achievable technology (BAT) in particular when their elimina-
tion has to be ensured at moderate temperatures for savings in
energy costs [1]. During last years, catalytic combustion has
acquired an increasing importance for VOCs abatement due to
NO, and other secondary atmospheric hazards [2] formation is
substantially depressed.

The most common catalysts used to control VOC emissions
can be classified in two main groups: noble metals and metal
oxides. Most of catalytic systems used in VOC control inciner-
ators are still based in supported noble metals such as Pt [3-5],
Pd [6], Au [7,8]. Recently, metal oxide based catalysts such as
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Cr203, CuO [9,10] are increasingly applied in combustion sys-
tems in order to reduce costs associated to catalyst inventario.
Among several metal oxides, particular attention is being paid
to the application of CeO; based catalysts for environmental
purposes due to the unusual redox behavior of ceria and its high
oxygen storage/transport capacity (OSC) [11]. Incorporation of
other oxides such as ZrO; into ceria lattice enhances redox prop-
erties providing high thermal stability [12]. The CeO,-ZrO,
mixed oxides are well known in TWC technology and have
found some interesting applications as industrial catalysis [13].
A great part of the research efforts has been focused on cat-
alyst preparation in order to obtain Ce-Zr mixed oxides with
elevated surface area. Among the synthesis methods, the copre-
cipitation procedure from the corresponding salts has found
recurrent application owing to the high oxygen storage capacity
achieved by the final material [14—-17]. Several papers dealing
with Mn based catalysts have been published over the last 5
years. Mn confined in perovskite structures [18,19], supported
on alumina-coated monoliths [20] or just employed as simple
oxide MnO, [21-23] have been well studied as VOC removal
catalysts due to the redox properties of the system. Moreover,
Ce-Mn catalysts have been investigated for the combustion
of CO [24], n-butane [25] and for pollutants removal from
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aqueous streams by the catalytic wet air oxidation processes
[26-30].

The n-hexane combustion at ppm level has already been used
as model reaction to evaluate the catalytic performance of dif-
ferent catalytic systems [7,19,31]; however, to the best of our
knowledge Ce-Mn or Ce-Zr mixed oxides have not been previ-
ously reported for VOCs removal from gaseous streams. In this
work, an evaluation of the catalytic properties of Ce-Zr and Ce-
Mn based oxides in powder form and also supported on ceramic
membranes has been carried out. The preparation procedures
and the catalyst composition have been investigated in order
to establish the most favourable conditions for VOC removal
for being used in the catalytic membrane reactor development.
With the introduction of commercially available porous inor-
ganic membranes, there has been a dramatic surge of interest
in the field of inorganic membrane reactors for catalysis, driven
by the enormous potential payoff of this technology [32]. The
concept of a flow-through catalytic membrane reactor operating
in Knudsen diffusion regime as an efficient gas—solid contactor
has already been evaluated in our previous works [33-37] for
VOCs abatement. In nearly all these cases, the direct impregna-
tion of the porous support with salt solutions has been employed
for the synthesis of porous infiltrated composite membranes.
Some experimental parameters for membrane activation such
as filtration period, deposition stage and reagent-support con-
tact configuration have been carefully studied for single oxides
(i.e. Fe;03) [37] addressing to achieve a confinement of the
catalyst inside the membrane top layer. The previous experi-
mental results obtained with Pt/y-Al, O3 [33-35] or metal oxides
[36,37] based membranes indicate that the confinement of cat-
alytic material inside the mesoporous layer of a y-alumina mem-
brane support, where the Knudsen diffusion is prevalent, allowed
to minimize gas—solid bypass and consequently total conversion
was achieved at lower temperatures. However, the incorpora-
tion of mixed oxides into the membrane involves additional
issues related to different diffusion properties of metal precur-
sors which could affect the Ce/metal distribution profiles along
the membrane thickness. Moreover, a multi-step impregnation is
not well adapted for precisely controlling the composition of the
mixed oxide based membrane material. Therefore, a great part of
the present work is devoted to analyze the different factors con-
trolling the location of the catalytic material inside the porous
support.

2. Experimental

The majority of bulk catalysts (see Table 1 for composi-
tion) have been synthesized by coprecipitation adding drop-
wise a concentrated NH4OH solution (30 wt%, Panreac) to
an aqueous solution of the appropriate composition containing
Ce(NO3)3-6H,0, ZrO(NO3),-xH,0, and Mn(NO3),-xH, O (all
of them Aldrich, 99.99% pure). Additionally, pure single oxides
CeO,, ZrO, and Mn,O, have been prepared as reference sup-
ports using the same process. This experimental method denoted
as A, has been the standard one, in contrast with procedure B
for which the mixed oxide precursor was added to an excess
(aproximately 100%) of ammonium hydroxide [14,28]. The “as

Table 1

Characteristics of the bulk catalysts prepared in this work

Samples?® Precipitation Calcination SBET

method conditions (m?/g)

CeO, A 51.0
Ce.78Zr0.2202 A o 40.9
Ce.78Zr0.2202b B 350°C, 3h 89.1
ZrOy A 39.1
CeOzh A 48.6
Ce.78Zr92202h 450°C, 3h 353
ZrOsh 29.7
Mn,O, A 19.4
Ce0.33Mng 670 A 73.2
Cep.sMng50; A R 69.9
Ceo.5Mng 502b B 350°C, 3h 87.1
Ceg.67Mng 3302 A 65.9
Ceo.78Mnp 220, A 65.5

2 Formulation in accordance with the composition of the starting precursor
solution.

prepared” B samples have been identified with suffix “b”. After
precipitation, the solids have been filtered, washed with deion-
ized water until no pH change, dried at 100°C for 24 h and
then calcined in air. The aim of this work is devoted to prepare
catalytic membranes highly active for VOCs combustion, there-
fore thermal treatments have been studied in detail to maintain
elevated surface area. According to the literature, the standard
calcination temperature used for manganese-cerium composite
oxides is 350 °C for 3 h [28-30] whereas for Ce-Zr based oxides
it has been demonstrated the solid oxide formation at 500 °C
for 1h [14,15]. In this work, a calcination procedure involving
350 °C for 3 h has been used for both catalytic systems; whereas,
450 °C for 3 h has also been studied for Ce-Zr samples (catalysts
denoted with suffix “h”).

The powder surface area after calcinations has been deter-
mined by BET measurements, using a Pulse Chemisorb 2700
Micromeritics. Prior to adsorption experiments samples are
degassed overnight at 200 °C. X-ray diffractograms have been
collected with a Rigaku/Max System using Cu Ka radiation
(A=1.5418 A) from 5 to 80° with a step size of 0.10° and a
step time of 2.5s. The data were compared to reference data
from the International Centre for Diffraction Data for identi-
fication purposes. Data processing was accomplished using the
Accelrys MS Modeling V 3.2 software package. Lattice parame-
ters were calculated using Treor90 method as indexing program.
Temperature programmed reduction experiments have been per-
formed in a quartz reactor (6 mm internal diameter and 310 mm
length) using a mixture of 6% H, in N> flowing at 100 ml/min
and heating the samples (ranging from 75 to 220mg) from
25 to 650°C following a rate of 5°C/min linear temperature
rise.

The catalytic combustion of n-hexane was performed in a
9-mm internal diameter tubular quartz reactor inside an elec-
trical furnace operating at atmospheric pressure. The exper-
imental conditions (gas velocity and particle diameter) were
adjusted to minimize mass-transport resistances. The reaction
temperature was monitored by a thermocouple inserted in the
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Table 2

Main properties of the catalytic Ce-Zr and Ce-Mn based membranes developed in this work

Samples Composition® Calcination Weight gain (%) Knudsen Contribution N, permeation flux
(%) (mol/m? s Pa)

MB-0 Blank - - 92.8 6.24 x 107
MB/C Ce0, 0.83 - -

MB/Z ZrO, 350°C, 3h 0.40 - -

MB/M Mn,O, 0.46 - -

MB/CZ-1 0.41 96.8 3.03x 107
MB/CZ-2 350°C, 3h 0.30 93.5 3.15%x 107
MB/CZ-3 CelZr=1 0.55 92.7 3.04 x 107°
MB/CZ-4 350°C, 9h 0.39 94.9 3.07 x 1076
MB/CZ-5 450°C, 3h 1.14 92.1 2.54x107°
MB/CM-1 0.33 96.3 1.97 x 1076
MB/CM-2 350°C, 3h 0.34 95.1 1.42x107°
MB/CM-3¢ Ce/Mn=1 350°C, 9h 034 - _
MB/CM-4¢ 350°C, 12h 0.34 - -

MB/C4 CeO; 0.54 - -

MB/z4 710, 0.52 - -

MB/M! Mn,O, 350°C, 3h 0.18 - -

MB/CZ4 CelZr=1 0.67 - -

MB/CMY Ce/Mn=1 0.34 - -

2 Atomic ratio of metals in the precursor solution used for membrane impregnation.

b Calculated per gram of porous membrane.
¢ Prepared from thermal treatments of MB/CM-2.
4 Intermediate drying period of 30 min (instead of 24 h).

center of the catalyst bed in which 100 mg of catalyst diluted in
200 mg of glass dust, to avoid hot spots formation, was intro-
duced and fixed over a trap. An analysis section, comprising
an on-line gas chromatograph (FID detector) and a methana-
tion unit to monitor continuously CO and CO,, were used
to check carbon balances (+5%). Tsog% and Tos9, are defined
as temperatures for 50 and 95% conversion levels, respec-
tively. A more detailed description of experimental set up has
been made in previous works [33-37]. The n-hexane com-
bustion experiments were performed using 80h~! as weight
hourly space velocity (WHSV) defined as the ratio mass of
catalyst total mass gas flow and 2000 ppmV as initial VOC
concentration.

Catalytic membranes were prepared from 90mm long,
10mm o.d. asymmetric ceramic tubes (Inocermic) with 5nm
pores in the y-Al,O3 thin layer (5 wm of thickness). The ends
of the ceramic supports were sealed with a glazing compound
to allow for mounting in the experimental setup for permeation
and reaction experiments. The total length of the porous part
available for catalyst deposition ranged was around 55 mm. The
catalytic material deposited over the membranes was obtained
by the “precipitation method” already described in literature
[37] for Fe;O3 based catalytic membranes. It basically con-
sisted on the support impregnation with the precursor solution
fed to the internal side, a subsequent washing with deionised
water from the outside to the inside followed by an intermediate
drying at room temperature and a final NH4OH impregnation
from the inner surface. After drying at 25 °C for 24 h, the mem-
branes were calcined under similar conditions to those used for
powder catalysts. However, for the mixed oxide membranes

developed in this work, the activation process was carefully
explored in order to analyze the influence of impregnation time,
concentration of precursor solution, intermediate drying period
and reagent—contact configuration on the catalyst loading and
distribution inside the membrane. For such purpose, shorter
membranes (approximately 30 mm in length) were prepared
for being further analyzed by SEM-EDX in order to obtain
metal distribution profiles (detection limit around 1 at.%) and
establish the most adequate conditions in terms of catalyst con-
finement within the top layer. Moreover, X-ray photoelectron
spectroscopy (XPS) analysis were also carried out to character-
ize the atomic surface composition of the membranes and the
chemical environment of the metals involved for comparison
purposes with their powder counterparts. These analyses were
performed with an Axis Ultra DLD (Kratos Tech.). The spectra
were excited by the monochromatized Al Ka source (1486.6 eV)
run at 15kV and 10 mA. For the individual peak regions, a pass
energy of 20 eV was used whereas the survey spectrum was mea-
sured at 120 eV. Analyses of the peaks were performed with the
software provided by the manufacturer, using a weighted sum of
Lorentzian and Gaussian components curves after background
subtraction.

Table 2 compiles the main properties of the catalytic mem-
branes tested for n-hexane combustion including the percentage
of Knudsen contribution to total N, permeation flux evaluated at
1 bar as average pressure in accordance with the expression sug-
gested by Keizer et al. [38]. Reaction experiments were carried
out in a flow-through membrane reactor operating in Knud-
sen diffusion regime [33-37] using the experimental conditions
established for powder catalysts.
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Fig. 1. XRD spectra of: (A) Ce-Zr bulk catalysts calcined at 350 °C and (B) Ce-Zr bulk catalysts calcined at 450 °C.

3. Results and discussion
3.1. Bulk catalyst characterization

The XRD spectra of the bulk catalysts listed in Table 1 are
shown in Fig. 1A and B for Ce-Zr, and Fig. 2 for Ce-Mn samples,
respectively. The crystallographic patterns of pure singles oxides
have also been included as reference supports (i.e. CeO, (JCDS
34-0394), ZrO, with tetragonal (JCDS 42-1164) and monoclinic
(JCDS 83-0936) symmetry and Mn, Oy, oxides (JCDS 24-0735,
JCDS 33-0900, JCDS 80-0382)). As it was already mentioned,
in addition to the standard calcination procedure (350 °C, 3 h),
the Ce-Zr samples have also been calcined at 450°C for 3h
(see Fig. 1B) in order to develop a crystalline structure for pure
zirconium oxide at the expense of a catalyst surface area loss
(up to 24% for ZrO, samples). A mixture of monoclinic and
tetragonal structures crystalline phases is obtained for ZrO;h
catalyst, in accordance with the published literature [16].

Neither phase due to pure ceria nor pure zirconia have been
observed in the XRD spectra of the mixed samples. Ceria as
well as the Ce/Zr samples, are characterized by a face centered
cubic cell typical of the fluorite structure; however, a decrease
of the unit cell parameter “a” is observed by the introduction
of zirconium into ceria lattice (5.413 for CeO;h versus 5.378
for Ceg 78Zrp2202h). Such a decrease was already observed by
other authors [39,40], and it was assigned to the lower ionic
radius of Zr** (0.84 A) compared to that of Ce** (0.97 A).

Itis worthwhile to remark that Ceq 738Zrg 22O2b sample devel-
ops the higher surface area of the Ce-Zr system (89.1 m%/g),
signifying that “B” procedure leds to high surface area mate-
rials. A similar behaviour is shown by CepsMng 50, samples
for which a 25% of surface area increase is attained (87.1 m%/g
versus 69.9 mz/g). Moreover, the BET surface area for Ce-Zr
composites do not overcome the values achieved for pure ceria
whatever the calcination procedure used.

Fig. 2 shows the powder XRD patterns of the Ce-Mn cat-
alyst samples, including single oxides. For pure manganese

oxide sample, i.e. Mn,Oy, typical diffraction peaks for MnO>
(JCDS 24-0735), Mn,03 (JCDS 33-0900), and Mn30O4 (JCDS
80-0382) were identified. This means that in cerium-free sam-
ple, Mn occurs in +2, +3 and +4 oxidation states. For mixed
oxide samples, no manganese oxide phases were detected by
XRD, and the dominant diffraction peaks are the characteristic
of cerianite (JCDS 34-0394). This may be due to the forma-
tion of Ce-Mn solid solutions with fluorite structure. However,
a systematic peak width broadening was observed with increas-
ing manganese content, a similar trend already observed by other
authors [30], indicating the occurrence of more defective cerian-
ite lattice, lower degree of crystallinity and smaller particle size;
which indeed hindered the data processing for lattice parameter
estimation. These results are in accordance with the BET sur-
face area increase with increasing contents of manganese (see
Table 1),1.e. from 65.5 m2/g for Cep78Mng 220, to 73.2 m2/g for
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Fig. 2. XRD spectra of Ce-Mn bulk catalysts.
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Cep.33Mng 670,. Unlike Ce-Zr series, the surface area of all the
composite oxide samples outweighed that predicted for mere
mechanical mixtures of pure Mn,O, and CeO; single oxides
with 19.4 and 51 m?/g, respectively. This suggests a strong inti-
mate interaction between manganese and cerium oxides.

TPR experiments have been carried out over Ce-Mn samples
in order to study the influence of cerium content on the redox
properties and to ensure the formation of Mn-O-Ce composites
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at the calcination temperatures used in this work (i.e. 350°C
for 3h). It is well demonstrated that the interaction of Mn and
Ce in composite oxides heavily modifies the redox activity of
manganese, increasing lattice oxygen lability [13,24,26] with the
promotion of the oxidation activity. On the other hand, the intro-
duction of zirconia into ceria leads to the formation of solid solu-
tions showing an improvement in the oxygen storage capacity as
well as the oxygen mobility over pure ceria [14,39,40]; however,
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Fig. 3. (A) TPR profiles for Ce-Mn bulk catalysts. (B) TPR deconvolution analysis for Mn, O, sample. (C) TPR profiles for Cep.sMng sO> samples.
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these solids have not been analyzed by TPR since their H, con-
sumption peaks are centred at temperatures quite high enough
to be revealed under n-hexane combustion reaction conditions.

The TPR patterns of the manganese-based catalysts, includ-
ing pure oxides samples, are presented in Fig. 3A. It is impor-
tant to remark in order to avoid misunderstandings that redox
properties of Mn-O-Ce composites for Mn-rich samples clearly
differ from Ce-rich catalysts [30]. A more detailed picture of
the pure manganese oxide TPR profile is shown in Fig. 3.B.
Three reduction peaks positioned at 216, 276 and 404 °C are
observed, in accordance with the results of Gil et al. [41] for
manganese oxide treated at 400 °C. These peaks are consis-
tent with the following successive reduction steps: MnO, — o-
Mny03 — Mn304 — MnO. The relative hydrogen consump-
tions of each reduction step, expressed as % peak area, are
indicated in Fig. 3B. According to the literature, bulk manganese
oxides can exhibit a variety of crystalline phases, depending
mainly on the applied temperature and the atmosphere of calci-
nations. At low temperatures, manganese (IV) oxides are formed
in a variety of structural forms. Among these, the most stable
structure is 3-MnO»; however, the estimated contribution for the
as prepared Mn, O, sample is scarcerly about 6%. This can be
attributed to the fact that thermodynamics does not adequately
describe the chemistry of the manganese-oxygen system, espe-
cially at low temperatures, where the formation of manganese
oxides of higher oxidation states is more kinetically than ther-
modynamically controlled [41].

The TPR analysis for Ce-Mn composites prepared in this
work supports the formation of mixed oxide structures already
demonstrated by the XRD results. The peak corresponding to
the lower reduction temperature of pure manganese oxide is not
clearly well defined, suggesting stronger interaction between
the two oxide components. The reduction profiles are featured
by two main peaks positioned at 260-330 °C and 320-380 °C,
respectively; that systematically shift to higher reduction tem-
peratures with increasing Ce content up to obtain the pure ceria
profile which one reduction peak at 415 °C attributed to easily
reducible surface Ce** species. Moreover, the area ratio of first

—— Mn,O,

R g S N A T i S R P L SR
662 660 658 656 654 652 650 648 646 644 642 640 638
(A) Mn 2p Binding energy (eV)

to second peak also decreased with increasing cerium content,
revealing that less manganese oxide species were in higher oxi-
dation states.

The TPR profiles of Ceg;Mng 50, samples prepared using
different protocols, are compared in Fig. 3C. The area ratio of
first to second peak also decreased around twice when proce-
dure B is employed (from 0.66 to 0.35), indicating that more
manganese oxide species were in higher oxidation states for the
standard A procedure.

The oxidation states of surface species were characterized
by XPS analysis. Fig. 4A shows the Mn 2p XPS spectra in
the Cep sMng 50, formulation compared to pure Mn,Oy. The
BE shifts towards higher values observed for mixed samples
are indicating an interaction between manganese and cerium
oxides [42]. However, the Mn 2p3/, peaks are rather broad and
the BE shifts are not resolved well enough to quantify the rel-
ative contribution of different manganese oxides. The energy
positions of the spectral components in Ce 3ds;; and Ce 3d3p»
for Cep5Mng 50, (not shown here) were found to be simi-
lar to those recorded from CeO; sample suggesting that the
presence of manganese oxides does not alter the chemical envi-
ronments of cerium in accordance with the published literature
[43]. According to the semi-qualitative evaluation of the rela-
tive amount of cerium present as Ce™ carried out in this work
(calculated from the area of Ce 3ds/, and Ce 3d3/; peaks, respec-
tively), the surface Ce**/Ce*3 atomic ratio is approximately the
same for Ceg sMng 50, and CeO; samples (i.e. 1.36 and 1.46,
respectively). Moreover, the surface XPS value of Ce/Mn ratio
(calculated from the area of the Ce 3d and Mn 2p core levels)
is larger than those in the bulk (i.e. 2.6 versus 1.0), indicating
that the surface of the solid is enriched in Ce to some extent. For
comparison purposes, Fig. 4A also shows the Mn 2p spectrum
for the surface species dispersed over the Ce-Mn based mem-
brane top layer. A similar behaviour to the bulk sample has been
observed for the supported catalyst. On the other hand, the Ce
3d core level for MB/CM* sample is not resolved well enough
(2% atomic concentration) to clearly distinguish the Ce(III) and
Ce(IV) oxidation states.
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Fig. 4. (A) XPS spectrum of Mn 2p for different samples. (B) XPS spectrum of Zr 3d for different samples.
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Fig. 4B shows the XPS spectra of Zr 3d in the Ceg 73Zr0 2202
sample compared to pure zirconia sample. The Zr 3d core level
of ZrO; solid may be decomposed into two Gaussians corre-
sponding to the 3dsp (182.6eV) and 3ds;, (185eV) spectral
components which remain nearly constant with Ce addition
(182.4 and 184.8eV). Similarly to Ce-Mn system, the energy
positions of the spectral components in Ce 3ds;; and Ce 3d3p
for Ceq.78Zr9220; were found to be similar to those recorded
from pure CeO; sample suggesting that the insertion of zirco-
nium does not alter the chemical environments of cerium. The
surface Ce**/Ce*3 atomic ratio is approximately the same for
both (1.57 for Ceg 78719 220> versus 1.36 for CeO;). When bulk
and supported Ce-Zr based oxides are compared, no significant
differences in the metal chemical environments arise. In addi-
tion, the surface XPS value of Ce/Zr ratio (calculated from the
areas of the Ce 3d and Zr 3d core levels) for Ceq 78Zrg 2,05 is
slightly larger than those in the bulk (i.e. 4.2 versus 3.5) indicat-
ing that the surface of the solid is enriched in Ce to some extent.
However, this effect is more pronounced for the MBCZ* sample
which exhibits a Ce-Zr surface atomic ratio of 4.8.

3.2. Catalytic membrane physico-chemical
characterization

As it was already mentioned, the preparation of mixed oxide
membranes was carefully explored in order to analyze the influ-
ence of concentration of precursor solution, intermediate drying
period and reagent—contact configuration on the loading, distri-
bution and composition of the catalyst which is really achieved
within the mesoporous top layer, trying to establish a correla-
tion with the reaction performance accomplished in n-hexane
combustion. From our previous experience with a-hematite
based membranes [37], we have employed 3 min as standard
impregnation time for mixed oxides based membranes. Among
the different parameters studied, the intermediate drying step
between impregnation and precipitation revealed as crucial for
confinement purposes as it can be observed in Fig. 5 where the
SEM-EDX distribution profile for a pure ceria catalytic mem-
brane is shown.
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Fig. 5. Ce distribution profile as a function of the intermediate drying period.

All the Ce-Mn, Ce-Zr catalytic membranes tested in n-hexane
combustion have been prepared by impregnation of a mixed
nitrate solution (0.25 M in each metal) during 3 min. The incor-
poration of catalytic material makes the permeation values to
decrease due to reduction of pore mean size. The blank mem-
brane (MB-0) has a Knudsen contribution (92.8%) rather similar
to those obtained for catalytic membranes (94.5% in average),
indicating that the asymmetric structure of the starting alumina
membranes is preserved in spite of the applied thermal treat-
ments, reaction tests and mechanical manipulation. Therefore,
we have developed a preparation method for Ce-based mixed
oxide membranes which will allow us to validate the start-
ing hypothesis for catalytic membrane reactor application, i.e.
forced permeation flux under the Knudsen regime would give
a considerably higher efficiency in the combustion of n-hexane
from diluted streams. Under the experimental conditions tested
in this work, the pressure drop across the catalytic membranes is
twice the observed for the catalytic fixed bed reactor operation.

It was considered remarkable to study the influence of the
mixed oxide precursor concentration on the catalyst distribution
over the membrane thin layer, and some preliminary results are
here anticipated. It should be remarked, however, that under-
standing the solution chemistry of cerium is not a simple task.
Cerium ions may undergo complexation and hydrolysis depend-
ing on the ion concentration and pH, among others. Such solution
parameters are rarely strictly the same when preparing CeO;-
ZrO; and CeO,-MnO; based membranes.

In Fig. 6A, C and B, D the SEM-EDX analysis for Ce-Mn
and Ce-Zr systems, respectively, prepared by impregnation dur-
ing 3 min with the corresponding mixed nitrate are presented.
The distribution profile exhibited by the pure oxide membranes
prepared using identical conditions are also plotted as reference
samples.

In general, the Ce percentage is higher in the mesoporous
layer, and increases with the concentration of the mixed start-
ing precursor for both catalytic systems. However, this effect is
accompanied by a minor confinement in the Ce-Zr system for
which a 12 wt% of Ce is detected up to 40 pm of distance to the
internal side when 1.25M in Ce*3 is used. In general, Ce load-
ings in the top layer are always higher for Ce-Mn membranes,
and overcome those obtained for the pure ceria membrane. The
Mn profile is similar to the one exhibited by Ce, i.e. a preferential
location in the top layer affected by the precursor concentration
(see Fig. 6C).

The Ce-metal atomic ratio distribution in the thin layer can
be considered, as a first approach, indicative of the chemical
composition of the catalyst material responsible of the n-hexane
removal. In Fig. 7A, the Ce-Mn atomic ratio profiles as a
function of precursor concentration have been compiled. A Ce
enrichement in the mesoporous layer can be observed, in a more
noticeable way (1.8 in average versus 1.5) for the sample pre-
pared using a concentrated solution ([Me"*]=1.25M) which
indeed exhibits an excellent catalyst confinement and a total cat-
alyst gain weight approximately seven times higher compared
to the sample prepared using [Me*]=0.25M (28 mg/g versus
4mg/g). In order to reduce Ce loadings pursuing an equimo-
lar ratio within the top layer (the most active composition for
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Fig. 6. (A) Ce distribution profile (wt%) as a function of concentration in the precursor solution for Ce-Mn catalytic membranes. (B) Ce distribution profile (wt%) as
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solution for Ce-Mn catalytic membranes. (D) Zr distribution profile (wt%) as a function of concentration in the precursor solution for Ce-Zr catalytic membranes.

n-hexane combustion as is shown in Section 3.3), some sam-
ples were prepared using a Ce*> concentration in the starting
precursor five times lower than Mn*2. However, far to improve
the catalyst distribution, the Ce% atomic values measured were
below the detection limit resulting in a 0.35 Ce-Mn atomic ratio
as average value inside the mesoporous layer.

The influence of impregnation mode of the starting precur-
sors, i.e. simultaneously or sequentially was also studied (not
shown here) but no improvements were attained in terms of cat-
alyst composition. Additionally, some samples were previously
immersed in deionized water and externally wrapped with Teflon
to reduce the precursor diffusion rate through the internal thin
layer for confinement purposes. In such way, the metal loadings
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obtained were extremely low (i.e. below the detection limit) for
being considered.

Taking into account the SEM—-EDX analysis for Ce-Mn sys-
tem, the most favorable preparation procedure will consist on:
(i) a simultaneous impregnation with a mixed oxide precursor
1.25M in each metal during 3 min, (ii) a posterior washing and
drying at room temperature for 30 min, (iii) a subsequent impreg-
nation with NH4OH and (iv) a final calcination at 350 °C for 3 h.
This protocole results in a 2.8 % weight gain of catalytic material
(expressed per gram of porous membrane) preferentially located
in the mesoporous layer with a Ce-Mn atomic ratio circa 1.8.

On the other hand, Zr distribution profiles do not follow the
expected behaviour with precursor concentration (see Fig. 6D);
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Fig. 7. (A) Ce-Mn atomic ratio profile as a function of starting precursor concentration for Ce-Mn catalytic membranes. (B) Ce-Zr atomic ratio profile as a function

of starting precursor concentration for Ce-Zr catalytic membranes.
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Fig. 8. (A) Tso9 and Tosg, for n-hexane combustion over Ce-Mn based catalysts. (B) T50q and Tosq, for n-hexane combustion over Ce-Zr based catalysts.

although the total catalyst gain weight is approximately five
times higher for the sample prepared using [Me"*]1=1.25M,
probably due to the wide Ce profile (see Fig. 6B). Moreover
the Zr (at.%) values detected are the lowest in comparison with
its counterparts; and always below the detection limit inside
the membrane thickness with the exception of sample prepared
using [Me™*]1=0.25 M.

In order to improve catalyst location and loadings, some sam-
ples were prepared using a Ce*? concentration (0.25 M) in the
starting precursor five times lower than Zr** (1.25M). As a
result, the Ce confinement was greatly improved compared with
sample prepared using [Me"*]=1.25 M. However, Zr loadings
inside the membrane thickness remained below the detection
limit, although the total catalyst gain weight was approximately
seven times higher compared to the sample prepared using
[Me™1=0.25M (22 mg/g versus 3 mg/g). In contrast with Ce-
Mn system, an optimal procedure for Ce-Zr based membranes
has not been already established. However, from the preliminary
results here explained, the most favorable preparation procedure
consists on: (i) a simultaneous impregnation with a mixed oxide
precursor 0.25M in Ce*® and 1.25M in Zr** during 3 min, (ii)
a posterior washing and drying at room temperature for 30 min,
(iii) a subsequent impregnation with NH4OH and (iv) a final
calcination at 350 °C for 3 h. This protocole results in a 2.2%
weight gain of catalytic material (expressed per gram of porous
membrane) with a Ce-Zr atomic ratio circa 2.1 on the external
surface (see Fig. 7B).

3.3. Catalytic activity of bulk catalysts in n-hexane
combustion

The catalytic performance of bulk catalysts prepared for this
work has been evaluated using 80h~! as weight hourly space
velocity (WHSV) and 2000 ppmV as initial VOC loading as
reference conditions. However, reaction experiments carried out
over pure CeO; catalyst at different initial n-C¢ concentrations
(from 500 to 2000 ppmV) keeping constant the weight hourly
space velocity, confirmed that the combustion of n-hexane is
a pseudo-first order reaction referred to alcane concentration.
A quite different picture from that observed in the combustion
of MEK over the same catalyst in which the kinetic order was
estimated lower than 1 related to oxygenate [44].

The temperatures required for 50 and 95% of n-hexane
conversion are plotted as a function of Ce content (at.%) in
Fig. 8A and B for Ce-Mn and Ce-Zr based catalytic systems,
respectively. In Ce-Mn series a minimum is observed for sam-
ple Cep.sMng 502, which exhibits the lowest temperatures (i.e.
T509 =208 °C; Tos9, =255 °C) for n-hexane combustion at ref-
erence conditions. Indeed, the equimolar sample showed the best
behaviour considering BET surface area, crystallinity degree and
redox properties (see Section 3.1). The BET surface area is not
only the responsible of the catalytic performance. This fact is
clearly demonstrated for sample Ceg sMng sO,b which exhibit
the higher surface area but the lower manganese oxide species
content in higher oxidation states; leading to higher reaction
temperatures (i.e. 750, =240 °C; To9s5¢, =308 °C).

From Fig. 8A, it seems that pure manganese oxides could
be more active that some mixed oxide formulations; however, a
serious deactivation effect with time on stream is observed (see
Fig. 9). Some long-term analyses have been carried out to test
the catalytic stability of the as prepared samples. In these experi-
ments, firstly the n-hexane light-off curve at reference conditions
is obtained; and after that, the catalyst temperature is kept con-
stant at T50¢, level to monitor continuously the VOC conversion.
Fig. 10 shows the evolution of n-hexane conversion related to the
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Fig. 9. Evolution of light-off curves for Mn,O,, sample with time on stream.
Reaction parameters: reference conditions.
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Fig. 10. Evolution of hexane conversion (related to the conversion obtained in
the preliminary test) for some Ce-Mn powdered catalysts. Reaction parameters:
T* =Ts09, for each sample and reference conditions.

conversion obtained in the preliminary light-off curve for dif-
ferent solids. As it can be observed, the higher Mn content, the
more severe deactivation occurs. Additional experiments con-
firmed that such deactivation was due to the depletion of BET
specific surface area (i.e 19.4 m?/g for fresh Mn, Oy to 10.3 m?/g
for “used” sample) which could be related with catalyst sintering
at operation temperatures higher than 350 °C and/or formation
of carbonaceous deposits over the active sites as a consequence
of incomplete combustion of alcane. On the other hand, Ce-Zr
based samples showed catalytic stability under equivalent reac-
tion conditions.

All the Ce-Mn mixed solids present light-off temperatures
lower than CeQO;; conversely, it is worthwhile to emphasize
that pure ceria is the unique sample that exhibit total selectivity
towards complete combustion products whatever the conversion
level. Excepting ceria, the as prepared catalysts show a maxi-
mum yield to CO at T509; in particular, the CO selectivities
reported at light-off temperature have been less than 4 and 10%
for Ce-Mn and Ce-Zr series, respectively.

In general, Ce-Mn powdered catalysts are also intrinsically
more active in the combustion of n-hexane than Ce-Zr counter-
parts, probably due to the redox properties of the manganese
mixed oxides (see Section 3.1). Among the Ce-Zr samples cal-
cined at 350 °C, Ceq.78Zro.2202b sample presents less oxidation
activity that Ce( 73Zrp220> in spite of the specific surface area
properties, similarly to Ceg sMny 5O, b sample.

Considering Ce-Zr series on the whole, the Ce( 73Zr92202h
sample (calcined at 450 °C for 3 h) appears as the most active
(i.e. To59,=356°C), overcoming the pure ceria performance
(Fig. 8B) probably associated with the improvement in oxygen
mobility due to the insertion of Zr into the ceria lattice detected
at 450 °C (see XRD analysis).

3.4. Reaction performance of catalytic membranes in n-Cg
combustion

The reaction performance of the Ce-Zr and Ce-Mn based cat-
alytic membranes tested in n-hexane combustion is summarized

Table 3
Performance of Ce-Zr and Ce-Mn based catalytic membranes in n-hexane com-
bustion at reference conditions

Membrane Total catalyst® loading (mg) Ts09, (°C) Tos59, (°C)
MB/C 38 344 436
MB/Z 18 340 466
MB/M 21 295 368
MB/C? 25 325 423
MB/Z* 24 308 395
MB/M?* 8 249 326
MB/CZ? 31 309 405
MB/CM? 16 286 396

 Calculated by weight difference.

in Table 3. The most striking effect is the activity enhance-
ment exhibited by catalytic membranes prepared using 30 min
as intermediate drying period (denoted with “*”) provoked by
the improvement in the catalyst confinement as is explained in
Section 3.2. The T9s59, values reported for MB/C*, MB/Z* and
MB/M* compared with MB/C, MB/Z and MB/M dropped in
13, 71 and 42 °C, respectively.

The most active catalytic membrane among simple oxide
based samples is the corresponding to manganese oxide
(MB/M*), followed by ZrO, (MB/Z*) and finally CeO,
(MB/C¥*); in contrast with the results obtained for bulk samples,
in which powdered ceria overcame the zirconia performance.
However, MB/M* membrane is, by far, the unique sample
(among the tested) which undergoes a strong deactivation with
time on stream, even more pronounced than its bulk counterpart
(the conversion becomes negligible after 12 h exposed at Tspq,
reaction conditions). Moreover, MB/C* membrane shows a neg-
ligible CO production whatever the conversion level achieved.
Therefore, among single oxides based membranes, the pure ceria
membrane could be considered as the most favourable sample
in terms of activity, stability and selectivity to total combustion
products.

Considering the Ce-Mn catalytic system, MB/CM* sam-
ple describes an intermediate performance between those
corresponding to pure simple oxide membranes. According
to SEM-EDX analysis (see Section 3.2), MB/CM* sample
presents an average Ce/Mn atomic ratio around 1.5 within the
top layer, although does not overcome the catalytic activity
of pure single oxides in contrast with the observed behaviour
for powdered samples with similar nominal composition (i.e.
Cep.5sMng 50, and Ceg 67Mng 330, samples). However, no deac-
tivation phenomenon has been observed for Ce-Mn based cat-
alytic membranes tested at reference conditions. The ther-
mal stability achieved in these samples suggests that the
porous support is a quite well dispersion framework thanks
to which Ce-Mn oxides are suitably dispersed to stabilize the
system.

Considering Ce-Zr series, the light-off curves obtained for
MB/C*, MB/Z* and MB/CZ* nearly overlap each other (i.e.
Ts09 and Tos9, values are rather close), a more pronounced
trend than the observed for the homologue bulk series. It is
worthwhile to emphasize that the average Ce/Zr atomic ratio
within the top layer for MB/CZ* differs substantially to the
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bulk catalyst formulation (from 0.44 to 3.5 for membrane and
powder, respectively).

Among the tested catalytic membranes, MB/CM* sample
could be considered the most favourable candidate in terms of
activity, selectivity and thermal stability at reaction conditions.
However, the catalyst distribution might be greatly improved
according to SEM-EDX observations, fully detailed in Section
3.2, because a substantial part of the catalyst is not located
within the mesoporous top layer where the gas—solid contact
is maximized. Therefore, both fixed bed and membrane reac-
tor configurations are compared at different ‘effective’ weight
hourly space velocity values, always in detrimental for catalytic
membrane reactors (i.e. T50¢, values of 269 and 325 °C for CeO,
and MB/C*, respectively).

4. Conclusions

In this work, cerium based oxides in powder form have
been prepared by coprecipitation followed by calcination at
moderate temperatures (350 or 450 °C) in order to preserve cat-
alyst surface area. No XRD peaks or TPR signals attributed
to single oxides have been observed for mixed samples. In
general, mixed oxides exhibit a face centered cubic cell typ-
ical of the fluorite structure. For Ce-Mn series, a systematic
peak width broadening was observed with increasing manganese
content, indicating the occurrence of more defective cerianite
lattice and lower degree of crystallinity in agreement with the
BET surface area measurements. Moreover, the BET area val-
ues of all the composites outweighed that predicted for mere
mechanical mixtures of pure Mn,O, and CeO; as a result
of the intimate interaction between both oxides, also demon-
strated by TPR and XPS analysis. Particularly, Ce-Mn oxides
with a Mn atomic percentage greater than 50% show the best
catalytic performance in n-hexane combustion at ppm level,
outperforming the activity of pure single oxides. Reducibil-
ity of the mixed oxide, associated with the presence of more
manganese oxide species in higher oxidation states, has been
revealed as the key parameter controlling the catalytic activ-
ity. In such a way, Ce-Mn oxides synthesised by the alternative
method (denoted as B), which results in a smaller Mn** content,
are less active than those prepared by the conventional standard
route in spite of the higher surface area developed by the former
ones.

Unlike Ce-Mn series, Ce-Zr oxides calcined at 350 °C does
not overcome the catalytic activity of pure single oxides. On
the other hand, Ceg 73Zrg 22 O2h sample exhibits a light-off tem-
perature value lower than those registered for pure CeO;, and
ZrO, solids, indicating that surface area alone cannot account
for the reaction performance achieved. In addition, the XRD data
processing carried out over the Ce-Zr series calcined at 450 °C
reveals that for the mixed composition the insertion of zirco-
nium into the ceria lattice has been accomplished explaining the
improved catalytic performance.

Although Ce-Mn powdered catalysts appear more active in
n-hexane combustion than their Ce-Zr counterparts; a strong
deactivation phenomenon, more severe for Mn rich samples,
is observed with time on stream in contrast with Ce-Zr based

samples showing catalytic stability under equivalent reaction
conditions.

The developed preparation procedure of analogous catalytic
membranes has allowed us to preserve the Knudsen diffusion
permeation pattern distinctive of the asymmetric structure of the
starting alumina supports. The Ce-metal atomic ratio within the
top layer evaluated by SEM-EDX analysis differs from the nom-
inal value and is always higher for Ce-Mn based membranes.
When the metal chemical environments of bulk and supported
mixed samples are compared is observed that manganese and
zirconium oxidation states of surface species are rather similar.

From preliminary preparation tests carried out with shorter
membranes, it can be concluded that the concentration of
precursor solution, the intermediate drying period and the
reagent—contact configuration are clearly affecting the catalyst
loading and distribution inside the membrane thickness. A short
intermediate drying period is favourable in order to obtain a bet-
ter catalyst confinement inside the mesoporous layer of y-Al,O3
membrane enhancing the catalytic performance. Under equiv-
alent conditions, the confinement is more easily achievable for
the Ce-Mn system than for the Ce-Zr counterpart, and improves
with the concentration of the mixed starting precursor.

Among single oxides based membranes, the pure ceria mem-
brane could be considered as the most favourable sample in
terms of activity, stability and selectivity to total combustion
products. Nevertheless, the catalytic membrane reactor results
reveal that solid distribution could be greatly improved due to
a substantial part of the catalyst is not participating in the reac-
tion. This fact would allow us to explain the reactor performance
differences observed when fixed bed and catalytic membrane
configurations are compared whatever the catalyst composition.
Therefore, a suitable deposition of mixed oxide material remains
a task to overcome in the near future, in particular for the Ce-Zr
system. Finally, it is worthwhile to remark the thermal stability
exhibited by the Ce-Mn catalytic membranes in contrast with the
corresponding bulk catalysts behaviour. This result supposes a
promising advantage of the y-Al,O3 membrane based reactor
in order to achieve a stable operation in the catalytic abatement
of volatile organic compounds.
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