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Abstract

The preparation, characterization and redox properties of Ni-Al-O and Ni-Mg—Al-O mixed oxides foch@hhical
looping combustion (CLC) is addressed in this study. Ni-Al-O samples having different Ni/Al ratios (0.5-2.25), prepared
by coprecipitation, consist after calcination at 10@00f cubic NiO and NiAyO4 spinel. A similar phase composition
is obtained for Ni-Mg—-Al-O, with Mg partitioned in the two phases. The presence ob8iAbrevents the crystal size
growth of NiO with respect to pure NiO; further limit of the sintering of the cubic oxide was observed in presence of Mg.
Reduction of the samples bystbccurs in two steps, associated with reduction gftNi NiO and NiALOy4. Mg stabilizes
Ni%* in both the cubic oxide and the spinel phase and improves regenerability upon repeated redox cycles. Temperature
programmed reduction with CGHCH,4-TPR) experiments showed poor selectivity to £&ahd HO, being CO and bithe
most abundant products. Also, formation of coke is observed over the samples. The same behavior is obsen/&d in CH
pulse experiments; however, in the case of the Mg-containing system, coke formation can be avoided by co-f&&ding H
along with CHj.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tors: in the first one (oxidizer) the fuel is oxidized
using a reducible metal oxide as oxygen carrier, while
Chemical looping combustion (CLC) has been in the second reactor (regenerator) the reduced ma-
proposed as an energy conversion process with goodterial, generated in the first step, is re-oxidized by
potential to provide C@capture with low cost while  air. The redox material is continuously re-circulated
keeping high energy efficiendil—3]. In such a pro- between the two reactors. The hot air stream from the
cess combustion is carried out in two separate reac-regenerator is expanded in a gas turbine for produc-
tion of energy, whereas the stream from the oxidizer,
" * Corresponding author. Tels39-02-2399-3272; consisting of CQ@ and O, is sent to a C@sepa-
fax: +39-02-7063-8173. ration unit where the high CfOconcentration allows
E-mail address: luca.lietti@polimi.it (L. Lietti). for its economical recovery.
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The development of the CLC process relies on the 2. Experimental
availability of redox materials able to match the fol-
lowing requirements: (i) good redox reactivity with 2.1. Preparation
high selectivity towards complete oxidation products;
(i) high oxygen exchange efficiency, i.e. ratio of the Samples having nominal composition (NiD)
oxygen mass involved in the redox process to the total NiAl 204 (with x = 0, 0.4, 1.0, 3.5, corresponding to
mass of the solid; (iii) regenerability, i.e. stability dur-  Ni/Al atomic ratio of 0.5, 0.7, 1 and 2.25, respectively)
ing repeated redox cycles at relatively high tempera- and Mg-containing sample having (MiMg)/Al and
ture (above 800C); (iv) mechanical resistance to the Ni/Mg ratios both equal to 1.0 were prepared by co-
friction stresses associated with recirculation of solid precipitation in aqueous medium. Weighted amounts
powders; (V) low cost. of Ni, Al and Mg nitrates were dissolved in water
On the basis of thermodynamic considerations at about 60C to obtain a solution with a final con-
[4,5] materials based on Ni, Co or Fe were identi- centration M2t 4+ M3t] = 1M. An (NH4).COs
fied as potential candidates for CLC. Among these, solution was used as precipitating agent (final con-
Ni oxides show the following promising features: centration= 2 M). Excess of (NH),COs; (60-70%)
(i) negligible volatility of Ni species below 100@ was used with respect to the stoichiometric ratio
[6]; (ii) well assessed high temperature applications (NH)>CO3/M"t = n/2mol/mol (M"t = Ni%*,
such as steam reforming and secondary reforming Mg?* and APt), as indicated by preliminary poten-
[7]. tiometric titration curves. Precipitation was achieved
Ishida and Jin3] and Ishida and co-workel8] by rapidly pouring the nitrate solution into the carbon-
investigated the redox properties of NiO, pure and ate one. The slurry was aged for 3 h at°€0) during
dispersed with different inorganic binders including precipitation and aging the pH remained constant in
MgO, Y-stabilized ZrQ (YSZ) and NiAbO4 by the range 6.5-7. The effectiveness of the precipitation
means of thermogravimetric measurements during route for Ni/Al catalyst samples was confirmed by
redox cycles at constant temperature and of chemi- analysis of the mother liquors, which showed neg-

cal looping combustion with solid recirculatids]. ligible weight losses for Ni and Al, indicating that
They observed that upon reduction i ldt 600°C precipitation was quantitative. On the other hand in

pure NiO cannot be completely re-oxidized in air the case of the Mg-containing sample a Mg loss of
at 1000°C whereas reoxidation rapidly occurs when about 12% of the nominal value was determined, pos-
NiO particles are thoroughly mixed either with an sibly associated with the relatively low value of pH
YSZ or with a NiAbOs binder. A NiO/NiAl,O4 used during precipitation.
(weight ratio 60/40) system prepared via dissolu-  After aging the solid was filtered, washed, dried at
tion/precipitation methods was reported as the best 110°C overnight and finally calcined at 100G for
performing material in terms of regenerability upon 10 h (heating/cooling at AC/min).
several redox cycles using bothoHand CH, as
reductants. 2.2. Characterization

In this paper the redox properties of Ni—Al-O
systems prepared via co-precipitation in aqueous X-ray diffraction (XRD) analyses were performed
medium with Ni/Al varying between 0.5 and 2.25 onthe powder materials by a Philips goniomether (PW
were systematically investigated along with those of 1050/70) using a Ni-filtered Cu & radiation ¢ =
a Ni-Mg—-Al-O system with atomic ratios Vg = 1.542 A). XRD data were refined by Rietveld analysis
1/1 and (Ni + Mg)/Al = 1. The redox perfor-  using the GSAS software package by Larson and Von
mances were screened by means of repeated tem-Dreele[10]. Crystallite dimensions were calculated
perature programmed reduction (TPR)/ temperature with the Sherrer equatigi1] using the Lorentian part
programmed oxidation (TPO) cycles. Pulse exper- of the full-width at half-maximum (FWHM) obtained
iments with CH were also performed on selected by Rietveld analysis.
systems to evaluate the products distribution of4CH Temperature programmed reduction with, H
oxidation. (H2-TPR)-TPO was performed with a ThermoQuest
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TPDRO 1100 apparatus with JfAr (H, = 5% _
(v/v)) and Q/He (O = 2% (v/v)) mixtures, respec- NiMgAl

tively (flow rate 30 Ncc/min, heating rate:*Z/min). ,_L_AJUL,JU\LMA_
Hundred milligrams of calcined sample were used
in the experiments; the sequence involved a series

of TPR/TPO runs with an inert purge in between.

TPR/TPO cycles were also performed with £H
(1.6% (v/v) in He) as reducing agent temperature pro- Ni/AI-1.0 I

Ni/Al-2.25

grammed reduction with CHCHy4-TPR). In this case
a dedicated apparatus equipped with a quadrupole

mass spectrometer was used, which allowed detection ~ NV/Al-0.7 I
of the various reaction products. 120 mg of calcined — ~
sample was used in each experiment, and a heating Ni/Al-0.5 h
schedule of 15C/min was adopted. Further details A
on the experimental apparatus can be found elsewhere :
[12]. ‘ , |
r T lI M II T T i' T 'l II :' I' lII L 1
2.3. Activity runs 10 20 30 40 50 60 70 80 90
20

The catalyst activity under reducing—oxidising con-
ditions at constant temperature was also investigated
by flowing alternatively two gas blends (GHb0%
(v/v) in He and Q 20% (v/v) in He) through the
catalyst with Ar purge in between, while continu-
ously analyzing the reaction products by on-line mass 3. Results and discussion
spectrometry (pulse experiments). The different flows
were supplied by two automated four-way switch- 3.1. Catalyst characterization
ing valves. Experimental conditions were as follows:
catalyst weight 2 g, gas flow rate 20 &min @STP, The XRD spectra of the samples calcined at
T = 800°C. Runs were also performed in the pres- 1000°C are shown irFig. 1 The reflections of well
ence of water vapor in the feed during the £dvitch crystallized NiO (0) [JCPDS 47-1049] and N,
(CHg/H20 = 1/1). (s) [JCPDS 10-339] are well evident. XRD spectra

(NiO),/NiAl 204 samples will be identified in the  have been analyzed by Rietveld analysis that allows
text according to their Ni/Al ratio and treatment type for both quantitative analysis and calculation of crys-
(D: dried; C: calcined; R: reduced insHand tem- tallite dimensions of the present phases. The results
perature: e.g. Ni/Al-2.25-C600 identifies the sample are reported inTable 1as a function of the Ni/Al
with nominal Ni/Al ratio of 2.25 (i.e. 60% (w/w) ratio. Data obtained from pure NiO sample prepared
NiO-40% (w/w) NiAlOg), calcined at 600C. The according to a similar precipitation procedure are also

Fig. 1. XRD spectra of the samples calcined at 1000 Solid
line: spinel phase; dashed lines: cubic oxide phase.

Mg-containing sample will be denoted as NiMgAl. reported for comparison.

Table 1

Quantitative and crystallite dimension, calculated by Rietveld analysis, of NiO and®jAh the samples calcined at 1000

Sample NiO expected (%) NiO calculated (%) Ndg (nm) NiAl,O4 expected (%) NiAIO4 calculated (%)
NiO 100 100 150 - -

Ni/Al-0.5 0 6 13 100 94

Ni/Al-0.7 15 19 115 85 81

Ni/Al-1.0 30 38 34 70 62

Ni/Al-2.25 60 67 44 40 33
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To address the sintering behavior of NiO, which cording to the Viggard's law, by comparing the cell
could be relevant to the redox properties herein inves- parameters calculated by Rietveld analysis (cubic
tigated, its crystal size was determined. The calculated oxide: ap = 4.18795) A; spinel type phaseuy =
values are reported ifiable 1as a function of Ni/Al 8.07207) A) with those reported in the literature
ratio; data obtained from pure NiO sample prepared for MgO (ap = 4.211 A [JCPDS 45-946]) and NiO
according to a similar precipitation procedure are also (ag = 4.177 A), and for NiAbO4 (ap = 8.04800A)
reported for comparison. An effect of the Ni/Al ratio and MgAbO4; (ag = 8.0831A [JCPDS 21-1152]),
on NiO sintering is evident, since its crystal size in- respectively. The following degree of Mg substitu-
creases on increasing the excess of Ni with respect totion was determinedtr = 0.36 in Ni;—,Mg,O and
the stoichiometric spinel composition. It is worth not- y = 0.69 in Ni;_,Mg,Al,04. Calculated crystal size
ing that pure NiO sample markedly sinters to a crystal of the Nip.64aMgo.360 (der = 17 nm) in the sample cal-
size >100 nm upon calcination at 100D. This sug- cined at 1000C evidences a dispersion effect of the
gests that intimate mixing between Np&), and NiO spinel matrix even more efficient than that observed
obtained via co-precipitation has a marked dispersion for the Ni/Al-1.0-C1000 sampledf; = 34 nm). Also
effect on NiO; this effect decreases on increasing the in this sample crystallite dimensions of the spinel
NiO/NiAl 204 ratio. In the case of NiAlO4 crystallite phase were about 30 nm.
dimensions in the range 30—40 nm were calculated.

Rietveld analysis also allowed calculation of the 3.2. Redox properties
amounts of the two phases. A small excess of NiO
(5-8% (w/w)) is systematically calculated withrespect ~ The redox characteristics of the samples were in-
to the expected values. Such a discrepancy may be duevestigated by TPR/TPO experiments with bf CHy
to the formation of a substoichiometric spinel phase: as reducing agents. The use of &llowed us to com-

in fact, according to the Ni—Al-O phase diagr§td], pare the present results with literature data; on the
the spinel NiAbO4 phase is stable for Ni/Al ratios in  other hand the use of methane is of interest being the
the range 0.35-0.5. reductant in the CLC process.

Upon calcination at 1000C the characteristic re- Fig. 2 shows the results of the JTPR analy-
flection of a mixed cubic oxide and of a spinel phase sis performed over the Ni/Al samples calcined at
are also present in the Mg-containing samplig( 1). 1000°C. The TPR profile recorded in the case of the

Compositions of the two phases were estimated ac- Mg-containing sample is also reported.

12000 -
10000 -
1 NiMgAl
8000
| Ni/AI-2.25
6000

Reduction rate (a.u.)

1 Ni/AI-1.
4000 VA0
| Ni/ar0.7
2000 -
1 Ni/al-0.5
0_

T T T v T T T T T T T T 1
0 200 400 600 800 1000 1200
Temperature (°C)

Fig. 2. H-TPR of the samples calcined at 10@
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In the case of the Ni/Al samples the TPR spectra
show a complex profile, with a low Hconsumption
peak centered in the 400-600 temperature range
and a high temperature peak with maximum near
850°C. In line with literature dat414,15] the peak
in the temperature range 400-6D is attributed to
the reduction of Ni* in the NiO phase, its complex-
ity may be ascribed to the presence of different NiO
specieg15]. On the other hand, the well defined high
temperature TPR peak at 830 is associated with
the reduction of Nit in NiAl,04. TPR profiles are
consistent with XRD data previously shown which
indicated the presence in the samples of both NiO
and NiAl,O4 phases after calcination at 10800. As
a matter of facts, on increasing the Ni/Al ratio an

641

of TPO experiments (herein not shown for brevity)
showed that reoxidation of the reduced samples oc-
curs in the 200-600C temperature range with a
complex feature involving partially overlapping steps
possibly associated with the reoxidation of the dif-
ferent Ni species. A similar behavior is apparent for
the Mg-containing sample (NiMgAl) as well; only a
slight decrease of the temperature onset for catalyst
reoxidation was observed.

The sequence of TPR/TPO cycles performed on
the Ni/Al systems pointed out a progressive decrease
of both the TPR and TPO signals, suggesting that
the Ni/Al samples are not stable under repeated
reduction—oxidation cycles. This is consistent with re-
cent report from Ishida et g9] showing modification

increase of the relative abundance of the low temper- of the redox behavior of a 60/40 (w/w) NiO/NifD4
ature TPR peak is observed, in line with the increased system upon ten isothermal redox cycles at 900

NIO/NiAl ;04 ratio pointed out by XRD.
In the case of the NiMgAI sample, two TPR peaks
are also evident, centered at 720 and 10DQOre-

On the other hand, in the case of the NiMgAl sample,
the TPR/TPO profiles were practically superimposed
in each cycle. This clearly indicates that the presence

spectively. These peaks can be reasonably associate@f Mg, besides modifying the catalyst reducibility

with the reduction of Nit in the mixed Ni_,Mg,O
and Ni—,Mg,Al 04 phases, respectively. A compar-
ison with the TPR profiles obtained in the case of the

(see above), greatly increases the stability of Ni/Al
catalysts under repeated reduction—oxidation cycles.
XRD spectra performed over the samples dis-

Mg-free samples shows that the presence of Mg shifts charged after the last TPO run revealed, in the case
towards higher temperatures the reduction tempera- of the Ni/Al systems, the presence of a well crystal-

tures of N?™ species with respect to both the pure
NiO and NiAlLO4 phases. Accordingly a temperature
of 1100°C is required to achieve complete reduction
of the Mg-containing sample. The shift towards higher
temperatures of the Rif reduction peak in NiO in
the presence of Mg is well documented in the liter-
ature[16], and was associated to the formation of a
NiO—MgO solid solution in which Nit ions are stabi-
lized against reduction and sintering by the MgO-type
matrix. A similar effect may also be invoked for ex-
plaining the temperature shift observed for*Niin
Ni1—yMg,Al>04 as compared to NiAD;.

After Ho-TPR, the catalyst samples were cooled
at RT under Ar flow and reoxidized with f/He up
to 1000°C (TPO). Three to four TPR/TPO cycles

were sequentially performed on each catalyst sam-

ple, aiming at investigating the reversibility of the

lized metallic Ni phase (30-50nm), along with NiO

and NiALO4. The amount of the metallic Ni phase

increases with the Ni/Al ratio. On the other hand,
XRD spectra showed that no metallic Ni was formed
on discharged NiMgAl, which indeed does not show
any phase modification with respect to the calcined
sample.

In order to check the possibility that irreversibil-
ity in the reduction process may be ascribed to the
reduction of the NiA}O4 phase, TPR/TPO cycles
were performed witifmax = 700°C (900°C for the
NiMgAIl sample), i.e. before the temperature onset
for Ni2+ reduction in the spinel phase. The results,
shown inFig. 3A and Bfor the Ni/Al-1.0 and NiM-
gAl samples, respectively, indicated that even below
700°C the Ni/Al samples exhibited a non-reversible
redox behavior. As a matter of facts, also in this case

reduction—oxidation processes. In these experiments aXRD analysis performed on the discharged sample

maximum reduction temperature of 1000 and 1100
were adopted for the Ni/Al and NiMgAl systems, re-
spectively, in order to complete reduction of all the Ni

showed the presence of small amounts (5%) of metal-
lic Ni. On the other hand, in line with previous data,
the NiMgAIl sample showed a reversible redox behav-

species. In the case of the Ni/Al samples, the results ior following several TPR/TPO runs. XRD analysis
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Fig. 3. Repeated HTPR cycles performed over Ni/Al-1.0 (A)
and NiMgAl (B) samples. Reoxidation was performed at 1000
Solid lines: run 1; dashed lines: run 2; dotted lines: run 3; dash—dot
lines: run 4; dash—dot—dot lines: run 5.

of the discharged sample did not showed any signif-
icant phase and crystal size variation neither in the
Ni—Mg—O phase nor in the spinel phase.

The catalyst redox properties were also investi-
gated by alternating CHTPR/TPO runs. Aim of
these experiments was to provide information on the
selectivity of the reducing process, which was not
previously addressed in the literati8, as well as on
the reversibility of the catalyst redox properties under

R. Villa et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 637-646

H»,0), since relevant amounts of CO anc tre
formed. Furthermore, carbonaceous deposits are also
formed on the catalyst surface, as pointed out by the
formation of CO and C@during the subsequent re-
oxidation (TPO). Besides, upon repeated TPR/TPO
cycles the catalyst redox behavior was not found fully
reversible.

The results of Clt-TPR/TPO cycles performed on
the NiMgAI catalyst sample are reported fig. 4A
and B respectively. As shown in the figure, Gk
rapidly consumed near 57C; again a comparison
with previous H/TPR data shows the lower reactivity
of CH4 if compared to H. The methane concentra-
tion profile shows a complex behavior with minima
at 750 and 1000C, this latter corresponding to the
end of the TPR run. Notably, the reduction process is
fully selective towards the formation of JHCO. The
evolution with temperature of COfHs rather com-
plex: this is likely related to the simultaneous occur-
rence of several reactions involving different active
sites, i.e. oxidized Ni species (lattice oxygen) and re-
duced Ni formed upon reduction of {i. The forma-
tion of small amounts of C®and HO via reaction of
CHg4 with lattice oxygen species cannot be excluded;
however they are completely consumed via consecu-
tive CHy reforming reactions leading to CO ang H
on reduced Ni sites, which are well known reforming
catalyst[17]. An excess of K with respect to CO is
observed in the range 800-90D, which can be as-
cribed to the decomposition of GHeading to depo-
sition of carbon.

In the subsequent TPO rufi§. 4B), the catalyst
is reoxidized starting from 20CC, i.e. in well agree-
ment with previous TPO runs following HTPR ex-
periments. @ concentration shows a minimum near
550°C. Catalyst reoxidation is accompanied by the
formation of CO and Cg due to the oxidation of
carbon deposits formed during the previous,€HPR

reducing atmosphere relevant to the process underrun.

study. Only two samples out of the prepared systems

were tested in these conditions, i.e. Ni/Al-2.25 and
NiMgAI. In the case of Ni/Al-2.25 (data not reported),
methane is converted starting from 5%0 i.e. well
above the temperature threshold foy Ebnsumption

in Hx-TPR experiments (seEig. 2). This is in line
with the poor reducing capability of CHf compared
with Hy. CHy oxidation is poorly selective towards
the formation of total oxidation products (GGnd

Repeated TPR/TPO cycles performed over Mg-
NiAl showed a few differences in the concentration
profiles of the various species versus temperature;
however complete selectivity towards CQ/Hvas
always observed during the GHPR runs. Such
a lack of reversibility, which contrasts previous
H»>-TPR data, may be ascribed to the presence of
carbonaceous deposits formed during the reaction of
methane.
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Fig. 4. (A and B) CH-TPR/TPO experiments performed on NiMgAl (mass spectrometer signals vertically shifted for clarity).

3.3. Catalyst activity under alternating
reducing—oxidising conditions (pulse experiments)

Finally, the reactivity of the NiMgAl sample was
also investigated at constant temperature (DO
by alternating reducing—oxidising conditions. Aim

deposits. The concentration profiles of the various
reaction products show different dynamics: indeed
while CO, and HO (with a small delay) appear as
a sharp peak immediately after gladmission, CO
and H show a slower increase during the pulse. The
change in the product selectivity during the reduc-

of these experiments was to analyze the sample re-tion step can be likely associated to changes in the

activity at constant temperature as a function of the

catalyst degree of reduction. Experiments were per-

catalyst degree of oxidation. It may be speculated
that at the beginning of the GHswitch the fully ox-

formed in the absence and in the presence of wateridized catalyst favors the total oxidation of methane,

during the CH switch, and results are reported in
Fig. 5A and B respectively, as product concentration

although total selectivity to deep oxidation products
is not achieved. As the sample is being reduced, the

profiles versus time on stream. In the case of the dry product formation switches from GQand HO to

feed Fig. 5A), upon admission of CHHto the reactor
(reduction step), CO, C H, and HO are formed.
No CH; was observed during the whole duration of
the switch (200s), thus indicating that methane con-
version was complete. It is noted that the duration of
the CH, switch was kept short in order to avoid re-
actor plugging due to the formation of carbonaceous

more CO and b, possibly assisted by the occurrence
of methane reforming reactions (steam and dry) in-
volving water and C@ and catalyzed by reduced Ni
sites. The weak maximum in the G@oncentration
which is observed immediately after the switch to
inert gas atmosphere is likely due to the desorption of
CO, from the catalyst surface.
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Fig. 5. Pulse experiments performed at 8@0on NiMgAl. (A) CH, dry feed; (B) CH wet feed (CH/H,0 = 1).

These results appear at variance of £HPR data

bonaceous deposits accumulated in the previous re-

previously reported; indeed in that case neither,CO ducing switch. Catalyst reoxidation is completed well
nor water were formed, and selectivity was complete after the complete oxidation of carbon deposits, as in-
to Hy and CO. One can speculate that in the case of dicated by the delay that is observed between the CO

the CH;-TPR run, where Chireactivity is monitored
at lower temperatures (starting from 570 to 8Q),

and CQ evolution and the @breakthrough.
Pulse experiments were also performed in the

the reactivity of lattice oxygen species is different and presence of water vapor during the £Blwitch, and

this would favor the formation of Clpartial oxida-
tion products instead of GOand HO. However, as

results are reported iRig. 5B. In this case it was pos-
sible to increase the duration of the gBwitch due

reported above, it cannot be excluded that during TPR to the presence of water which limited the formation
runs minor amounts of carbon dioxide and water are of carbonaceous deposits. In any case, the length of
also formed, which are readily consumed in consecu- the CH,; pulse was constrained in order to avoid over

tive CH, reforming reactions.
Following the CH, switch, the catalyst is reoxidized
by air. Upon Q admission to the reactor, CO and €0

exposition to the reducing agent. As showrrig. 5B,
the presence of water does not significantly modify
the dynamics of the formation of the various products,

immediately appear at the reactor outlet. The forma- since CQ prevails at the beginning of the GHbulse
tion of such species is related to the oxidation of car- whereas CO and Hare preferentially formed upon
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increasing the catalyst degree of reduction. However can be avoided by co-feeding,8 with a CHy/H,O
in this case no significant amounts of carbonaceous molar ratio equal to 1. Also, under these conditions
deposits are formed on the catalyst surface during the a good reproducibility of the redox behavior was at-
CH,4 switch, as pointed out by the absence of ,CO tained. However the results of pulse experiments (and
formation during the @ pulse. The same behavior CH4-TPR as well) clearly indicate that the Ni based
was observed during several repeated redox cycles. systems herein investigated are poorly selective tg CO
and HO being CO and Kl by far the most abundant
products of CH oxidation. This is a serious limita-
tion for the use in the CLC process where natural gas
is used as fuel. Such a process requires production of
The present investigation addressed the prepa-CO, and HO with low CO and H content from the
ration and the redox properties of Ni—-Al-O and oxidizer, in order to avoid enthalpy losses and needing
Ni-Mg—Al-O mixed oxides as candidate materials for complex treatment of the exhaust gases. However
for the chemical looping combustion process. the good redox stability, the possibility to avoid coke
The results demonstrated that co-precipitation in formation and the high selectivity to CO and Herein
aqueous medium using nitrates as metal precursorsdemonstrated for the Ni-Mg—Al-O system could be
and (NH;)2,COs as precipitating agent is effective to  of interest for different redox process applications, e.g.
obtain quantitative precipitation for the Ni-Al-O sys- syngas production.
tems, whereas significant Mg losses occurred in the
case of Ni-Mg—Al-0. Upon calcination at 1000 all
the Ni-Al-O samples consist of two phases: cubic NiO Acknowledgements
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fective in preventing crystal size growth of NiO. Such data.
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ratio; however the samples with the highest Ni con-
tent (i.e. 30 and 60% (w/w) NiO) still retain a crystal
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