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The efficiency of impregnated redox material and its cycling behaviour by tailoring macro- to mesoporos-
ity of different support compositions for fluidized-bed application was investigated. Supports are com-
posed of clay and diatomite, alumina, alumina and diatomite, alumina diatomite and silica. The porous
supports were impregnated with 1.5 M copper nitrate trihydrate and calcined at 850 �C. Higher presence
of copper has been determined on samples composed of higher specific surface area and larger pore size
distribution. Presence of CuO and Cu2O phases were obtained in silica based samples (clay, diatomite or
silica nanoparticles), whereas CuAl2O4 dominated in samples with high alumina content. Reaction rate-
during reduction increased with silica, while total conversion was reduced. Highest conversion was
obtained for alumina samples because of the aggregation of copper on pure silica surfaces. It is assumed
that after infiltration of 10 wt.% copper phase, surface chemistry is of great importance compared to pore
size. Wet impregnation had no effect on attrition resistance.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Chemical-looping combustion CLC is considered as one of the
most promising technique for CO2 separation of fossil fuel com-
bustion. It is considered as a form of oxy-fuel combustion be-
cause it does not involve nitrogen in the fuel reactor, leading to
the elimination of NOx emissions. Fan categorized CLC as a pre-
combustion and oxy-combustion capture technique because of
the removal of carbon present in the fuel before combustion
and because of the use of an oxygen carrier (e.g. pure oxygen) in-
stead of air [1]. CLC is based on the idea developed by Lewis and
Gilliland [2] on producing pure CO2 from fossil fuels with two
fluidized bed reactors. CLC involves the use of an oxygen carrier
(metal oxide), which transfers oxygen from an air reactor to a
fuel reactor for combustion, without direct contact between fuel
and air (Fig.1). Fuel and metal oxide MexOy (oxygen carrier) react
in a fuel reactor composed of gases, such as CH4, CO and H2, or
solid fuel, such as biomass or coal [3]. The almost pure stream
of CO2 can be separated for CO2 storage by water condensation
with a small loss of energy. In the fuel reactor, the metal oxide
will be reduced into MexOy�1, which is either endothermic or
exothermic, depending on the types of oxygen carrier and fuel
used in the reaction. After almost complete conversion, the ob-
tained reduced metal oxide is transferred to an air reactor
(high-velocity riser [4], where the volumetric flow rate is about
ten times higher than in the fuel reactor) to be reoxidized accord-
ing to the exothermic process (1).
MexOy�1 þ 1=2O2 !MexOy ð1Þ

By thermogravimetric analyses, de Diego et al. found out that
CuO without support lost 90% of its initial reactivity after only
three cycles of reduction and oxidation, while no loss could be ob-
served with the use of a silica support [5]. Several properties are
required for the oxygen carrier, such as: high redox activity during
oxidation and reduction, good oxygen transport capacity, negligi-
ble carbon deposition, high attrition resistance, low tendency for
agglomeration during the use in a fluidized bed reactor, to be envi-
ronmental friendly and economic. The porous support material has
to be moreover composed of: highly interconnected open porosity
to facilitate the oxygen carrier impregnation, high specific surface
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area, low neck and ink-bottle contents to optimise the exchange of
oxygen gas and high attrition resistance to withstand the mechan-
ical and chemical stresses during its use in a fluidized bed reactor.

Abad et al. reported a mapping of different metal oxides, their
advantages and drawbacks with the range of temperature they
can be used [6]. The reactivity of the oxygen carriers is frequently
classified in descending order, as the following: NiO, CuO, Fe2O3

and Mn2O3 [7]. In addition, Cole patented some oxides of silver,
tungsten and molybdenum as well as sulphates of barium and
strontium as potential oxygen carriers [8]. However, only oxygen
carriers based on Cu, Fe and Mn show a complete fuel gas conver-
sion [9]. Adanez et al. succeeded to use a mixture of CuO and NiO
as oxygen carriers [10]. CuO leads to a complete conversion of CH4

to CO2 and H2O and the use of NiO permits to increase the temper-
ature up to 950 �C [10].

Materials such as SiO2, TiO2, ZrO2, Al2O3, YSZ have been fre-
quently used so far as oxygen carrier support, but study on the
influence of the porous support structure on the performance of
oxygen carriers has not been done so far. Jerndal et al. mentioned
the importance of melting temperature, heat balances of the fuel
reactions in case of endothermic reactions in the fuel reactor, car-
bon or sulphur reactions that might be produced in the fuel reactor
[9].

The bed materials developed in this work aim to be used in a CLC
process adapted to a 10 kWSNG scale reactor for wood methanation,
which was built by Paul Scherrer Institute and transferred to the
gasifier in Güssing, Austria [11]. The copper loading and the looping
efficiency of granulates based on clay/diatomite (Route 1), alumina
(Route 2), alumina/diatomite (Route 3-a), and alumina/diatomite/
silica (Route 3-b) were analysed in function of the phase composi-
tion and microstructure (from macro- to mesopores range). More-
over, the attrition resistances before and after impregnation, as
well as after looping efficiency were performed on two selected
samples.
Fig. 1. Schematic principle of CLC fluidized bed reactor.
2. Experimental procedure

2.1. Raw material

Different raw materials were investigated to determine the
influence of the chemical surface and microstructure on the perfor-
mance of the developed bed materials. Fig. 2 shows an overview of
the different raw materials and their processing routes to achieve
the porous granulates.

Except in the case of Route 2, two diatomite filter aids Filter Cel
and Super Cel (Celite, World Minerals Inc., USA) with specific sur-
face areas of 8.8 and 2.7 m2/g, median particle sizes of 14 and
15 lm and a median pore size of 2.5 and 3.5 lm (supplier data)
were used to achieve a highly porous structure after heat treat-
ment. Both diatomites are composed of approximately 90% of
SiO2 and 4% of Al2O3.

For the Route 1, 48 vol.% of clay kaolin EKA-S (Amberger Kaolin-
werke, Germany) was used as a plasticiser and inorganic binder to
bridge the diatomite particles after thermal treatment. EKA-S is
composed mainly of 55% kaolinite, 24% illite and montmorillonite
and 20% quartz.

Pseudo-boehmite G-250 (BASF, USA) with an agglomerate size
d50 of 60 lm (given by the supplier), based on conversion of baux-
ite into gibbsite by the Bayer process, followed by an acid/base dis-
solution and precipitation, was selected for Routes 2 and 3.

Silica dispersion Levasil 50/50 (Obermeier, Germany) with a
specific surface area of 50 m2/g was used in a mixture of alumina
and diatomites to tailor the porosity and the specific surface area
of the granulates (Route 3-b).

For the wet impregnation step, copper nitrate trihydrate from
Sigma–Aldrich (61194, Switzerland) was selected due to its high
purity (>99%).

2.2. Granulate production

2.2.1. Route 1_clay/diatomite based samples
Dry powders were premixed for 3 min in a planetary mixer be-

fore adding an emulsion of deionised water and oil. After approxi-
mately 6 min of mixing time, the feedstocks were shaped with a
piston extruder (Type 232 16 DT-HS, Loomis, Germany) at a pres-
sure of 40–50 bar through a die with an orifice of 500 lm. The ex-
truded materials were dried for 3 days at 60 �C before being
ground and sieved into granulates with a size from 180 to
500 lm. Finally, granulates were sintered in air at 1100 �C for 3 h
in a furnace (PY 12H, Pyrotec) with a heating rate of 110 �C/h. Pro-
cessing was detailed previously [12,13].

2.2.2. Route 2_alumina samples
Samples were prepared with a constant solid content of 82 wt.%

and peptized with 1.87 M acetic acid [GAR12]. After 60 min knead-
ing time at 40 rpm (Janke and Kunkel, IKA Labortechnik RE 162/P
Analog, Germany), the ceramic feedstocks were shaped into cylin-
drical extrudates (/ = 1.5 mm) using a capillary rheometer (Rosand
RH7, Malvern, Germany) and dried for 48 h at room temperature.
In order to obtain the c-alumina phase, the extrudates were cal-
cined in air at 5 �C/min until 850 �C with a dwell time of
120 min. Granulates with a size between 180 and 500 lm were fi-
nally obtained by grinding and sieving. Processing and character-
ization was previously reported [14].

2.2.3. Route 3-a_alumina/diatomite based samples
Pseudo-boehmite and diatomites were first mixed for 2 min at

25 rpm, the acetic acid solution was then added to the solid mate-
rials and after the third minute, the speed was increased to 30 and
40 rpm after the fourth minute. After 6 min kneading, the organic



Fig. 2. Schematic processing routes for the different extruded porous substrates.
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binders were added. Total compounding step took 1 h. The feed-
stock was afterwards extruded through a 1.5 mm diameter die into
a capillary rheometer (Rosand RH7, Malvern, Germany) and dried
for more than 48 h at room temperature. The calcination step
was carried out in air at 5 �C/min to 850 �C with a dwell time of
2 h. Granulates with a size between 180 and 500 lm were pre-
pared by grinding and sieving after heat treatment. More details
can be found elsewhere [15].

2.2.4. Route 3-b_alumina/diatomite/silica based samples
34 vol.% silica dispersion Levasil 50/50 (Obermeier, Germany)

was added after 6 min kneading to the pseudo-boehmite and diat-
omites compound. The feedstocks were extruded through a
1.5 mm diameter die with a capillary rheometer (Rosand RH7, Mal-
vern, Germany) and dried for more than 48 h at room temperature.
The calcination was performed in air at 5 �C/min to 850 �C with a
dwell time of 2 h. More information was already reported [15].

2.2.5. Impregnation
Granulates were wet impregnated for 14 h in a 1.5 M copper ni-

trate trihydrate solution. The liquid- to granulates ratio was fixed
to 12.5 mL.g�1. The material was then filtered to remove the excess
of solution and dried at 80 �C during 24 h. The impregnated gran-
ulates were calcined at 550 �C for 30 min in order to decompose
it into copper oxide, as described by Forero et al. [4]. A thermal
treatment at 850 �C for 1 h in air was followed to stabilize the oxy-
gen carrier.
2.3. Characterization

2.3.1. Microstructure investigations
Total porosity and median pore size were evaluated with a mer-

cury porosimeter MP (Pascal 140/440, Thermo Fisher, Germany).
Surface tension and contact angle of mercury were set to
0.480 N/m and 140�, respectively. Mesoporosity was evaluated
with nitrogen sorption at 77.4 K with a BET device (type SA 3100,
Coulter, Switzerland), using Barrett–Joyner–Halenda (BJH) model
based on the Kelvin–Laplace equation [15] from the nitrogen
desorption plot. Pore shape was determined from the hysteresis
according to IUPAC classification. Samples for both measurements
were dried 14 h at 180 �C in order to drive off any physisorbed
water from the sample.

Scanning electron microscopy (SEM) with a back-scattered
detector was performed with a TS 5136MM apparatus (Tescan,
Germany) to investigate the sample microstructure on cross-
sections after impregnation and looping steps.

Scanning electron microscopy with Energy-Dispersive X-ray
Spectrometry (SEM–EDX) was performed with a TEM Grid (Plano



Fig. 3. Metal loading impregnated on the different porous supports.
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GmbH, Germany) to determine the presence of copper on some se-
lected impregnated samples.

2.3.2. Phase structure
For the chemical phase analysis, an X-ray powder diffractome-

ter X’Pert Pro PW3040 (PANanalytical, Switzerland) with Cu target
(Ka, k = 0.15406 nm) with radiation at 45 kV and 40 mA settings
was used.

2.3.3. Looping efficiency
The mass spectroscopy was performed on three selected sam-

ples to investigate the effect of macro- to mesoporosity. The loop-
ing experiments were made in a Netzsch STA 409 CD
thermobalance coupled to a Netzsch QMS 403 C Aeolos mass spec-
trometer. The following gases were used: 10% CO (purity ± 2%) and
90% He were selected as the reducing fuel and synthetic air (20% O2

(purity ± 1% O2) and 80% N2) as the oxidizing gas). At 850 �C, the
oxidizing and reducing gases were interchanged every 20 min to
stabilize the oxidized or reduced carrier. Between each gas, nitro-
gen was flushed during 5 min to clean the chamber. To investigate
oxidation of CO at 850 �C, 150 mg granulates were used in alumina
crucibles and a CO gas flow rate of 50 ml/min. The looping effi-
ciency E corresponds to the maximum weight change during
reduction step and is calculated with Eq. (2). Conversion rate cor-
responds to the slope of reduction and oxidation line.

E ¼ ðmox �mredÞ=mox � 100 ð2Þ
2.3.4. Attrition resistance analysis
An easy and reproducible grinding test was developed to deter-

mine the mechanical resistance of granulates with a size between
180 and 500 lm. Attrition tests were performed on a roller mixer
(type RM1, Zoz GmbH) and experiments were performed with 4
zirconium oxide balls (25 mm in diameter) in a standard 250 ml
polyethylene bottle. The rotation speed was fixed to 60 rpm and
2 g of material were used. Determinations of the attrition resis-
tance as well as the use of the attrition resistance index as a com-
parison technique were reported previously [12].
3. Results and discussion

3.1. Impregnation

Content of oxygen carrier is frequently about 10–30 wt.% by
using impregnation method [16]. Chuang et al. succeeded to in-
crease CuO loading to 82.5 wt.% by co-precipitation technique, it
is highly pH dependant [17]. Adanez et al. however mentioned
the necessity to have a CuO content lower than 20 wt.% in order
to avoid agglomeration effect during fluidization process [17]. In
this study we focused on impregnation method to achieve similar
Cu content, which is necessary to investigate the influence of pore
structure and phase composition. As explained by Fan, it is difficult
to determine the metal loading after impregnation because of the
inherent nature of the technique [1]. Copper oxide can indeed react
with the substrate material, especially alumina and form new
phases of different densities. Therefore the metal loading in this
work was calculated based on the weight gain of the copper nitrate
impregnated granulates, after drying over night at 80 �C and the
molar weight of the copper in the copper nitrate salt. Fig. 3 shows
the presence of copper on samples composed of different micro-
structure. As seen in Fig. 3, the highest copper impregnation was
observed in sample from Route 2, which was composed of a high
specific surface area, smallest pore size distribution and high pore
volume (see Section 3.2). For granulates with lower specific surface
areas, the increase in mean pore sizes allowed the impregnation of
higher copper content due to infiltration of the solution into the
interconnected open porous granulates.

3.2. Microstructure

Mercury porosimetry results of the four granulates are shown in
Fig. 4. For better comparison reason, the pore volume of the samples
was normalized. A detailed description of the clay based granulates
(Route 1) can be found elsewhere [12,13]. By addition of 84 vol.%
diatomite, the pore size distribution of the granulates can be tai-
lored from meso- to macroporosity, see Route 2 and Route 3-a in
Fig. 4a and b. Samples from Route 2 (c-Al2O3 with 0 vol.% diatomite)
and from Route 3-b (c-Al2O3 with 65 vol.% diatomite and 34 vol.%
silica) show an increase in mesoporosity after impregnation. This
can be explained by formation of copper agglomerates, which forms
an interparticular porosity. More pronounced change in pore size
distribution was observed by samples only composed of alumina
because in this material almost pure mesoporosity is present
(Fig. 4a). Concerning samples from Route 1 (diatomite-clay based
samples, Fig. 4a) and from Route 3-a (with 84 vol.% diatomite,
Fig. 4b), a slight decrease in the macropores size is observed
because of the presence of copper phase in the larger pores. This
confirms good impregnation of pores in the micrometer range.

Influences of impregnation on porosity and median pore size
are shown in Table 1. A decrease in porosity was observed. For
few samples, the median pore size was similar or slightly increased
after impregnation. Mesoporous material (samples from Route 2 –
c-Al2O3 material granulates) showed a decrease in porosity of
about 11%, while a decrease of more than 45% was observed on
sample composed of meso- and macroporosities (Route 3-a). 20%
decrease in porosity was determined on samples from Route 1
(clay-diatomite granulates). The slight increase in porosity for
samples from Route 3-b, can be explained by the formation of cop-
per oxide agglomerates, which formed interparticular porosity in
the mesopore range.

Samples with pores in the macro-range showed a decrease in
median pore sizes after impregnation, while samples with mesop-
ores were composed of larger pore sizes after the impregnation
step. The mesopore size distribution of the copper oxide particle
(e.g. agglomeration) was indeed higher in comparison to the sub-
strate, the increase in median pore sizes can thus be explained.
Especially supports with dominated meso-porous structure, e.g.
high alumina or/and Levasil content lead to higher porosity and
median pore sizes, while specific volume decreased, as expected,
after impregnation (Table 1).

In Fig. 5, the pore volumes before and after impregnation are
shown. The results confirm the significant influence of macropores
compared to mesopores during the impregnation step. For
example, samples from Route 3-b, composed of both meso- and
macropores, showed a higher decrease in the pore volume



Fig. 4. Mercury porosimetry of granulates before and after impregnation, (a) Route 1: clay based diatomite material, Route 2: c-alumina, (b) Route 3-a: c-alumina sample
with 84 vol.% diatomite, Route 3-b: c-alumina sample with 65 vol.% diatomite and 34 vol.% silica.

Table 1
Porosity and median pore radius determined by mercury porosimetry analyses of the developed products before and after impregnation.

Fig. 5. Variation of pore volume determined by nitrogen sorption before (light grey)
and after (dark grey) impregnation.
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determined from MP (e.g. macroporosity). This confirms that cop-
per oxide is infiltrated into a large porous network, while it has the
tendency to cover the surface of granulates composed of smaller
pores.

Table 2 summarizes the results of nitrogen sorption analyses of
the samples before and after impregnation and also after CLC tests.
No tests were performed by MP because of the too small sample
size used for CLC tests. As expected, a decrease in specific surface
Table 2
Specific surface areas and specific volumes of the developed samples, before, after impreg

Specific surface area [m2/g]

Not impregnated Impregnated After CLC

Route 1
48 vol.% clay_1100 �C 2 1 –

Route 2
0 vol.% diatomite 153 105 57

Route 3-a
84 vol.% diatomite 36 17 5

Route 3-b (34 vol.% silica)
65 vol.% diatomite 17 15 11
area occurred after sample impregnation, as well as after looping
experiments. This permits to conclude to the blocking of smaller
pores observed after impregnation and the coalescence of the
structure after further thermal treatment.

The use of diatomite and silica resulted in a decrease in specific
surface area. Lower volumes were moreover observed by addition
of diatomite and silica, because of the small mesopores volume in
diatomite filer aids [18,19] and the blocking of small pores with sil-
ica nanoparticles.
3.3. Looping experiments

During the looping experiments in a TGA device, reducing and
oxidizing gases were interchanged to achieve decrease and in-
crease in mass loss of the oxygen carrier, respectively. As seen in
Fig. 6, a higher mass change was obtained with sample from Route
2. Samples from Route 1 and Route 3-b showed similar behaviour
after few hours test. However, sample from Route 1 showed a shift
in the mass variation. No complete oxidation can be reached after
less than 10 h measurements.

In order to evaluate the efficiency of the bed material, the pres-
ence of copper impregnated in the carrier was compared to the
one, which reacted during looping tests in a thermogravimetric
machine. It was found out that 58 ± 6% of copper reacted for clay
based granulates (Route 1), while 72 ± 7% reacted for alumina sam-
ples (Route 2) and for diatomite-silica ones (Route 3-b). Higher
nation and after CLC cycling.

Specific mesopore volume [mm3/g]

cycling Not impregnated Impregnated After CLC cycling

4 4 –

706 515 403

138 99 80

190 157 160



Fig. 6. Mass change during reducing and oxidizing reactions.
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reactivity for the alumina and diatomite-silica granulates was
expected because of the presence of oxygen carrier on the surface
of the granulates with smaller pores. Therefore it can be assumed
additionally to the wet impregnation that wet bulk deposition
[20] occurs in this study for granulates with small pores. The effi-
ciency obtained in this study was higher than described in Arj-
mand et al. where a decrease in weight of 3% of the oxygen
carrier was observed during reduction with methane at 925 �C
[21]. Chuang et al. compared CuO based alumina samples made
by mechanical mixing, wet-impregnation and co-precipitation.
Presence of a surface layer and CuO agglomerates inside the porous
support on samples made by mechanical mixing and wet-impreg-
nation led to a low CO2 yield [22]. A lower CO2 yield can be corre-
lated with a lower efficiency of the oxygen carrier.

3.4. Influence of impregnation on looping efficiency

The looping efficiency was determined from the mass of granu-
lates before and after reduction. This corresponds to the amount of
oxygen that is interchanged during the reactions. Fig. 7 represents
Fig. 7. Looping efficiencies.

Table 3
Main copper phases present in dried, calcined samples and after oxidizing and reducing a

Copper phases

Dried Calcined

Route 1
48 vol.% clay_1100 �C Cu(NO3)2�3H2O CuO

Route 2
0 vol.% diatomite Cu2(OH)3�(NO3) CuAl2O4

Route 3-a
84 vol.% diatomite Cu(NO3)2�3H2O CuO, CuAl2O

Route 3-b (34 vol.% silica)
65 vol.% diatomite Cu(NO3)2�3H2O, Cu2(OH)3(NO3) CuO
the looping efficiency of the three different samples after 7, 16 and
25 h test. Sample from Route 2 showed a high looping efficiency
compared to the samples from Routes 1 and 3-b. One reason will
be the higher copper phase impregnation (12%) in comparison to
samples from Route 1 and Route 3-b, which were incubated with
10% and 9% copper phases, respectively.
3.5. Phase analyses

Phase analyses of impregnated samples after drying, calcination
and during CLC experiments were determined by X-ray diffraction.
Because of the large number of patterns of granulates composed of
multi-materials, it was preferred to only compare the presence of
copper phases (Table 3). Patterns of support materials can be found
elsewhere [12–15]. Impregnated alumina based samples after dry-
ing were composed mainly of copper nitrate hydroxide (Cu2(OH)3-

NO3) because of the presence of OH groups from the alumina
phase. With addition of diatomite or silica, presence of copper ni-
trate hydrate Cu(NO3)2�3H2O was observed. CuO was the main
phase after calcination, followed by copper aluminate for all sam-
ples made with different pseudo-boehmite contents. This confirms
Misra and Chaklader, who mentioned the formation of CuAl2O4 at
about 800 �C for c-alumina substrates by solid-state reaction [23].

For all samples, CuO, Cu and Cu2O phases were obtained after
first reduction. Presence of Cu2O in samples after looping experi-
ments in reducing atmosphere confirms Chuang et al. [24]. The
authors found that CuO reacts with CO to form Cu at low temper-
atures (250 �C). At temperatures above 700 �C, the CuO transforms
first to Cu2O and then Cu. The possible reduction of the spinel
phase and its formation after further oxidation steps confirm the
results of Kernke et al. [25]. Cu cations diffusion to the surface dur-
ing reduction is indeed enhanced by the defects of the c-alumina
spinel structure.

Jin and Zhang mentioned that the excess of nickel reacts with
alumina support during the first redox cycles, which leads to an in-
crease of the oxygen carrier stability [26]. According to them, NiO
and spinel phase NiAl2O4 lead to fast looping reactions and good
regenerability. However, Ni from the spinel phase cannot be re-
duced completely [27]. In contrast with the developed bed materi-
als from this study, CuAl2O4 was determined as not stable and no
spinel phase was observed after 20 min of reduction [27]. Because
of CuO reducing to Cu2O and of the incomplete conversion ob-
served by the presence of CuO after reducing atmosphere during
looping experiments, it is concluded that the use of copper oxide
leads to lower efficiency than expected.
3.6. Conversion

Oxidation from CO to CO2 at 850 �C over time was verified with
mass spectroscopy on three selected supports (Figs. 8 and 9). The
first support was composed of 48 vol.% clay and was sintered at
tmospheres during looping experiments of samples of the different routes.

After CLC cycling (reduction) After CLC cycling (oxidation)

Cu, Cu2O, CuO CuO

CuO, Cu, Cu2O CuAl2O4

4 CuO, Cu, Cu2O CuO, CuAl2O4

CuO, Cu, Cu2O CuO



Fig. 8. Mass spectroscopy determination on three selected samples.

Fig. 9. Normalized mass spectroscopy’s enlargement of one cycle.

Fig. 10. Scanning electron microscopy (a, c, e) and EDX determination of copper (b, d, f) im
with 65 vol.% diatomite and 34 vol.% silica (line 3) after looping experiments. Scale bar
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1100 �C, the second one was composed of c-alumina and the third
one of alumina, 65 vol.% diatomite and 34 vol.% silica. Conversion
of sample from Route 3-a was not reported in this article because
of its brittleness. It was however previously tested during a shorter
test [28]. It is worthwhile to note that previous reductions were
applied but are not shown because the system requires few cycles
to stabilize. The first slope was associated with the oxidation of CO
caused by the transformation from CuO to Cu2O of the oxygen car-
rier, while the second slope was associated with the transforma-
tion from Cu2O to Cu. Conversion decreased with time, which
shows the deactivation of the oxygen carrier over time. Interest-
ingly, alumina sample showed a lower deactivation rate, followed
by sample from Route 1. Interestingly, deactivation increases with
increase in silica content.

Mass spectroscopy results after about 20 h were enlarged and
normalized to compare the reactions (Fig. 9). As mentioned before,
the first slope corresponds to the formation of Cu2O Eq. (4). Inter-
estingly, sample from Route 3-b, composed of the highest silica
content, has the fastest and shortest reaction, while sample from
Route 2, composed of alumina has the slowest. This can be ex-
plained by previous decomposition of CuAl2O4 Eq. (3) to CuO be-
fore the formation of Cu2O Eq. (4). The second slope corresponds
to the transformation from Cu2O to Cu Eq. (5).

CuAl2O4 ! Al2O3 þ CuO ð3Þ

CuOþ CuOðCOÞ ! Cu2Oþ CO2 ð4Þ

Cu2OðCOÞ ! 2Cuþ CO2 ð5Þ

As seen before, alumina sample leads to the highest conversion.
The porosity and the specific surface area of the supports had no
influence on the reactivity of the oxygen carrier. Macropore size
pregnated alumina sample (line 1), sample with 84 vol.% diatomite (line 2), sample
of 30 lm.



Fig. 11. Scanning electron microscopy, (a–c): alumina samples, (d–f): 84 vol.% diatomite, (g–i): 65 vol.% diatomite and 34 vol.% silica. (a, d, g) not impregnated, (b, e, h)
impregnated, (c, f, i) after looping experiments.
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distribution seemed however to have its importance on the reac-
tivity. However, more important is the surface chemistry of the
support.

Presence of copper element was confirmed by EDX on alumina
sample (Route 2), sample with 84 vol.% diatomite (Route 3-a) and
sample with 65 vol.% diatomite and 34 vol.% silica (Route 3-b)
(Fig. 10, lines 1–3, respectively) after looping experiments. On
the left side (Fig. 10a, c, e) corresponds to the SEM images and
the right side (Fig. 10b, d, f) corresponding EDX analysis of copper
distribution is present. Smaller agglomerates of copper phase were
observed on alumina samples than in samples composed of diato-
mite with or without silica after looping experiments. This can be
explained by the formation of spinel phase on the surface of the
c-Al2O3 substrate, which chemically bonds the copper on the sub-
strate by reaction and building of a new chemical phase CuAl2O4.
Similar results can be observed on Fig. 11, where the microstruc-
ture is compared before/after impregnation and after looping tests.
Interestingly, spherical agglomerates are observed on silica based
samples. It is worthwhile to mention that these samples showed
high reduction of mass loss during redox cycles (Fig. 8). Reduction
of redox activity by aggregation of copper has been already
reported in literature [6] and is the reason why pure copper parti-
cles are not optimal for CLC applications.
Fig. 12. Attrition resistance index of samples with 48 vol.% clay heat treated at
1100 �C (Route 1) and samples with diatomite and silica (Route 3-b), before, after
impregnation and after looping experiments at 850 �C.
3.7. Attrition resistance

Fan mentioned similar crushing strength between the support
and the dry impregnated support and due to this, concluded to
the importance of the support performance [1]. He recommended
the use of dry impregnation for CuO and mentioned that wet
impregnation will also be a suitable technique. This, despite the
presence of weak bond formed between the metal oxide and the
support.

In order to verify the influence of impregnation step and loop-
ing experiments on the mechanical resistance of granulates, attri-
tion resistance after these two steps were performed on two
selected materials: sample with 48 vol.% clay sintered at 1100 �C
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(Route 1) and sample with diatomite and silica, heat treated at
850 �C (Route 3-b). These two samples were selected because of
their good attrition resistance. A lower attrition resistance index
corresponds to a higher resistant material [12,15]. Route 1 showed
indeed a higher attrition resistance than Route 3-b.

Impregnation and looping experiment at 850 �C had no effect
on attrition resistance of samples from Route 1, while for the Route
3-b, higher attrition resistance (e.g. lower attrition resistance in-
dex) was observed after looping experiment because of the further
sintering at 850 �C (Fig. 12). A decrease in oxidation and reduction
rate after 3 cycles was observed for this sample from Route 3-b,
while no change was obtained with the use of clay based sample
from Route 1. This confirms that sintering during looping experi-
ments is prejudicial for bed material efficiency. Because of its high
attrition resistance, sample from Route 1 was studied for chemical
looping desulfurization too with the use of Mn-basd oxides [29].

4. Conclusion

Impregnation capacity during wet impregnation process was
determined as influenced mainly by the very large macropore size
or specific surface area. Different copper phases were obtained
according to the support, indeed use of alumina led to the forma-
tion of CuAl2O4, which was enhanced by the presence of OH
groups. A decrease in specific surface area and closing of small pore
volume were observed after looping experiments for Routes 2 and
3 because of the sintering of the material with further heating.
Samples with diatomite showed a faster reduction, while the high-
est conversion was obtained with alumina sample. The slowest
conversion of oxygen carrier based on alumina samples was as-
sumed to be caused by the previous decomposition of CuAl2O4 to
CuO. The main disadvantage for silica support materials is the
agglomeration of copper particles during the chemical looping cy-
cling. Wet impregnation had no effect on attrition resistance of
samples from Route 1 and Route 3-b. However, an increase was ob-
served on samples from Route 3-b after looping experiments, be-
cause of the further heating of the bed materials, which led to a
sintering of the alumina/silica phase. No influence was observed
on sample from Route 1 because of its higher sintering tempera-
ture (1100 �C). According to the results, composite supporting
materials based on silica and alumina material are promising for
future investigations.
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