Available online at www.sciencedirect.com

SCIENCE@DIREGT“ JOURNAL OF
CATALYSIS

I

ELSEVIER Journal of Catalysis 228 (2004) 43-55

www.elsevier.com/locate/jcat

Production of hydrogen from oxidative steam reforming of methanol
|. Preparation and characterization of Cu/ZnQf2d catalysts from
a hydrotalcite-like LDH precursor

M. Turco®*, G. Bagnascd, U. Costantind, F. Marmottini®, T. Montanarf,
G. Ramig, G. Busc&

@ Dipartimento di Ingegneria Chimica, Universita di Napoli Federico I1, Ple V. Tecchio 80, 80125 Napoli, Italy
b CEMIN — Centro Eccellenza Materiali Innovativi Nanostrutturati, Dipartimento di Chimica, Universita di Perugia, Via Elce di Sotto 8,
06123 Perugia, Italy
C Dipartimento di Ingegneria Chimica e di Processo * G.B. Bonino” , Universita di Genova, Ple J.F. Kennedy 1, 16129 Genova, Italy
Received 10 May 2004; revised 2 August 2004; accepted 17 August 2004

Available online 25 September 2004

Abstract

Catalysts for oxidative methanol reforming were prepared by thermal anediiction treatments of a precursor consisting mainly of
a hydrotalcite-like Cu—Zn-Al hydroxycarbonate and a Zn-rich paratacamite. The precursor was obtained by homogeneous precipitation of
metal cations with a properly modifiairea method. XRPD and quantitative Rietveld analgkthe precursor material revealed the presence
of hydrotalcite and paratacamite phases in a weight ratio 3:1. Treatment in situ of the precursor produced CaBN@AE 18%,
Zn = 33%, Al = 49% mol) catalysts. Chemical properties of the precursor and of the catalysts were studied by TPR, EPIPINH
N>O chemisorption, FTIR, and UV-vis techniques. Physical characterization was carried out by the SEM, EDS, XRPD, TG/DTA, and
N> adsorption techniques. The influence of heating rate of the precursor was investigated. Heat-treated samples contained CuO, ZnO, an
amorphous AlO3, and probably ZnAlOg4, as suggested by XRPD and FTIR measureméltie crystallinity of oxide phases was higher
for the sample treated with a lower heating rate that also showed lower surface area and lower Cu dispersion. The presénde of Cu
octahedral sites of alumina was suggestedU®yvis spectra. CO adsorption gave eviderd easy reduction of Cu(ll) to Cu(l) and Cu(0)
and the formation of stable complexes with Cu(l). NAPD and FTIR measurements showed the presence of surface acid sites of the Lewis
type with wide strength distributions, mainly due to?4nand ARt cations. Cu(ll) was able to oxidize Nfiwhile Cu(0) activated NHl
decomposition. TPR and TPO measurements indicated that Cu specessdy reduced and reoxidized and Cu(l) species are intermediate
for both processes. The redox properties appeared to be influenced by the rate of the previous heat treatment.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction due to their potentially very high efficiendi]. On-board
hydrogen production starting from a suitable liquid source
appears to be a practical option in a medium-short perspec-
tive. Methanol may be preferable to other liquid hydrogen
sources, such as gasoline, because it has high hydrogen con-
tent, can be reformed at relatively low temperatures (around
250°C), and offers the advantages of the absence of sul-
* Corresponding author. Fax: +39 081 5936936. fur compounds and less probable formation of carbonaceous
E-mail address: turco@unina.iM. Turco). products. Moreover, it could in theory be obtained from bio-

The technology of Bfed fuel cells, using polymeric
electrolyte membranes (PEMFCS at present a promising
alternative to internal combustion engines for car-traction
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masses like wood, and in this case thex@@@duced should  modified urea method that allows a more precise control of
not contribute to the so-called greenhouse effect. the preparation conditions. Part | deals with the character-
The oxidative steam reforming of methanol (OSRM) con- ization by different complementary techniques of physical
sists in the coupling of the endothermic methanol steam re- and chemical properties of the precursor and of the catalysts.
forming (SRM) with the exothermic partial oxidation (POM) The aim is to obtain information on the acid—base and re-
allowing the production of hydrogen with an autothermal dox properties of the catalysts that could be relevant in the

process. OSRM catalysis. In Part Il a study on catalytic activity and
CH3OH(g) + H20(g) = CO, + 3Hy, the reaction mechanism will be reported.
AH®=495kJImol?, (1)
1 .
CH3OH(g) + 502 =COy + 2Hy, 2. Experimental
AH?=-1923kJmol. (2)

2.1. Catalysts preparation

The OSRM catalysts proposed in the literature are closely
related to those that have been deeply investigated for the The catalyst precursor was obtained with the method of
synthesis of methan@2—4]. They are mostly based on cop- homogeneous precipitation accomplished by urea hydroly-
per dispersed in a matrix formed by pure or mixed ox- sis[27]. An aqueous solution, obtained by mixing 0.5 M
ides like as Zng5-7], Al2O3 [8,9], ZnO/Al,O3 [10-13] AlICI3, 0.5 M ZnCh, and 0.5 M Cud solutions in the vol-
Cro03/Al,03 [8,14], and ZrQ/Al,O3 [8]. These Cu-based umeratio 1:1:1, was added of solid urea until the molar ratio
catalysts have been studied previously for SRB-19]and urea/Al(lll) was 6. The addition of the Cugkolution has
POM [20-22] Metallic copper is generally obtained by re- been carried out drop by drop, when the solution containing
duction of a Cu oxide phase that either is dispersed on aZn and Al cations was at the boiling temperature. The solu-
support such as AD3 or CeQ by impregnatior{8,23] or tion was refluxed for 3 days. The precipitate obtained was
is part of a mixed oxide systef6,7,12,13] The best perfor-  separated from the mother solutions, washed with deionized
mances are obtained on catdfysontaining also ZnO that water, and then suspended in a 0.05 M,8@;z solution
acts as a promot¢8,10,18] (about 20 mL per gram of precipitate) for 1 day, in order

Promising OSRM catalysts can be obtained by heat to exchange chloride ions eventually present in the hydrotal-
treatment and reduction of mixed Cu, Zn, and Al hy- cite material with carbonate anions. After equilibration with
droxycarbonates having hydrotalcite-like structufd2, the NgCQOs solution the solid was recovered, washed with
13,24,25] These compounds, having the general formula deionized water, and finally dried at room temperature over
(Cu,Zn)_, Al (OH)>(CQs),/2-mH20, are generally pre- P4O10. The catalysts were obtained by heating the precursor
pared by coprecipitation with N&€O3 solutiong24,26] An in dry air flow at rate of 2 or 106C min~! up to 450°C and
alternative method, leading to materials with different tex- maintaining it at this temperature for 12 h. Then the samples
tural properties, consists in precipitating the metal cations were reduced with b according to procedures described in
from a solution containing urea that is hydrolyzed to am- the following. The reducing treatments were effected in situ
monium carbonatfl2,27] Thermal decomposition of such  before characterizemn measurements.
materials leads to an intimate mixture of oxides and the sub-  The metal ion contents in the samples were obtained by
sequent reduction with Hgives rise to highly dispersed ion chromatography, after dissolution in concentrated HCI.
metallic coppefl2,13] Itis generally accepted that metallic Determination of metal ion concentration in the obtained
Cu is the active phase in OSRM catalysts based on Cu/Zn/Al solution was performed with the following procedur€st
systems; however, oxidized Cu species are also present anénd Zn content, column Dionex CS5a, eluent PDCA, flow
their possible role in catalytic activity is greatly debated 1.0 mL min !, spectrophotometric detection after PCR with
[7,11,12,24] Redox properties of these systems are often PAR; Al content, column Dionex CS5a, eluent HCI 0.75 M,
studied by TPR and TPO techniqu#g,28,29] On the other ~ flow 1 mL min~1, spectrophotometric detection after PCR
hand acid-base properties have not been investigated, alwith tiron.
though they could play an important role in adsorption and  The chloride content was determined by ion chromatog-
activation of methandB0,31] Although characterization of  raphy in the solution obtained by suspending the solid sam-
these materials has been the object of several studies, it apples in 1 M NaCOs solution at 80C for 4 h. C, N, and H
pears that some aspects need further investigation to obtairelemental analysis was obtained by a Carlo Erba 1106 an-
a deeper knowledge of the influence of the preparation pro-alyzer. Carbonate and water contents were evaluated from
cedure and the roles of the different catalysts phases on thehermogravimetrical analysis.
OSRM reactions.

In this paper the preparation and the properties of a hy- 2.2. Catalyst characterization
drotalcite precursor and of the derived Cu/ZnQ/@4 cat-
alysts are described. The hydrotalcite precursor is obtained X-ray powder diffraction (XRPD) patterns of the samples
by coprecipitating Zn(ll), Cu(ll), and Al(lll) cations with a  were recorded with a computer-controlled Philips PW1710
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diffractometer using Cu-K Ni-filtered radiation (40 kV, a rate of 10C min~! using a 5% H/Ar mixture. After the

30 mA). XRPD patterns at programmed temperatures were TPR test, the sample was cooled to room temperature in he-

taken in a HT A. Paar diffraction camera. lium flow and then TPO measurement was carried out at a
XRPD patterns used for quantitative Rietveld phase rate of 10°C min—1 in 2% O»/He flow.

analysis were collected by means of a Bruker D8 Ad- NH3z TPD measurements were carried out in a Mi-

vance powder diffractometer, equipped witl#-2 Bragg— cromeritics 2900 apparatus with TCD and MS detectors at a
Brentano geometry, using the CuyyKadiation and C/Ni rate 10°C min—1, after the samples were saturated with pure
Goebel-Spiegel mirromnithe incident beam. NH3 at RT.

Scanning electron microscopy (SEM) and energy disper-
sion scanning (EDS) analyses were performed on both the
precursor and the calcined materials by a Philips XL 30 in- 3. Resultsand discussion
strument. TG analyses were performed in air by a Netzsch

STA449C thermal analyzer at a heating rate 8€5nin—. 3.1. Catalyst preparation
N2 adsorption—desorption isotherms were obtained at
—196°C, on samples previously degassed at kDQusing The precursor of the OSRM catalysts was prepared with

a computer-controlled Micromeritics 2010 apparatus. The the urea method. This method allows the preparation of dif-
application of thexs-plot method[32] to adsorption data, ferent hydrotalcite-like compounds containing Mg-Al, or
using a nonporous CuZnAl-hydrotalcite as reference mate-Zn—Al, Ni—-Al, and Mg—Fe having a high crystalline degree
rial, allowed us to evaluate the micropore volumes of the and a narrow particle-size distributid@7]. The presence
samples. of CU?t cations makes the synthetic procedure more com-
Copper areas were measured by the method of reactiorplex, at least for two reasons. First, Quions show the
with N2O followed by TPR33] using a Micromeritics 2900  Jahn—Teller effect that favors the formation of distorted oc-
apparatus. The sample, previously reduced at°@5h a tahedral structures and preferentially gives rise to the pre-
5% Hp/Ar mixture, was treated with pure JO at 60°C cipitation of malachite phases. Secondarily?€ions can
for 1 h. TPR was carried out in a 5% F\r mixture at be depleted by ammonia originated from urea hydrolysis.
rate of 1°C min~L. The amount of chemisorbed O atoms The preparation of Cu—Zn—Al precursors has required mod-
was determined from the area of the TPR peak. Cu surfaceification of the original urea method. In particular, the molar
area and Cu dispersion were calculated assuming the stoi+atio urea/Al(lll) has been decreased from 10 to 6 and ad-
chiometry O:Cu= 1:2 and concentration of Cu of47 x dition of the CuC} solution has been carried out drop by
10'° atoms nT2 [33]. drop as described in Secti@ These modifications allowed
The IR spectra were recorded with a Nicolet Protégé 460 us to obtain materials having a Cu content near, even if al-
Fourier transform instrument. Infrared skeletal spectra of hy- ways lower, to that of the starting solution. However, most
drotalcite precursor and of catalysts were obtained by the of the samples were polyphasic and pure hydrotalcite phases
KBr pressed disk technique. The surface characterizationwere obtained when the Cu content, expressed as molar ra-
was performed through in situ adsorption of suitable probe tio Cu?*/total cations, was lower than 0.15. The effect of the
molecules: CO supplied by Air Liquide (adsorbed at RT or different parameters influemg the urea method as well as
at —160°C, 11 Torr pressure) and NHadsorbed at RT,  of different preparation ethods on the composition, phase
50 Torr pressure) supplied by Alphagaz. Pressed disks ofanalysis, and textural properties of hydrotalcite-like materi-
pure catalyst powder (15 mg, 2 cm diameter) were used. Theals containing Cu cations will be published elsewhere. In the
sample was thermally pretreated by outgassing af€5@ following the full chemical and physical characterization of
the IR cell. A conventional manipulation/outgassing ramp a precursor obtained according to the procedure described
connected to the IR cell waser. The adsorption procedure in Section2 and of the catalysts thereby obtained, that gave
involves contact of the activated sample disk with the gas very good catalytic response, will be reported.
of choice, and outgassing in steps from RT {€t60°C) to
higher temperatures. Spectrareeollected after the thermal  3.2. XRPD analysis
procedure and after each step of the adsorption procedure. In
order to better evaluate the surface species from all the spec- The XRPD pattern of the precursor is reportedrig. 1.
tra herein reported the speatnwf the pretreated catalysthas The pattern clearly indicates the good crystalline degree of
been subtracted. the sample and the presence of two phases, identified as hy-
Diffuse reflectance spectréDR-UV-vis-NIR) of pure drotalcite (PDF N. 14-0191) and Zn-rich paratacamite (PDF
sample powder (before and after calcination) were recordedN. 50-1558). Quantitative phase analysis was performed
by a Jasco V-570 apparatus in the range 50,000-4000 cm with the Rietveld method using the GSAS program, refining
at RT in air. the scale factors and profile shapes for the two noted phases
A Micromeritics 2900 apparatus equipped with a TCD [34]. A small portion of the pattern (38.5-4@0) was ex-
detector was employed for TPR and TPO measurements.cluded from refinement becauséthe presence of a strong
TPR measurements were cardiout on calcined samples at diffraction peak of the Al sample holder.
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v Hydrotalcite The final Rietveld plot is shown ifrig. 2, while the
& Paratacamite refinement details are reported Wrable 1 According to
the phase analysis the sample consists of hydrotalcite and

o paratacamite in a weight ratio 3:1. The presence of a small
B amount of amorphous phases cannot be excluded. In com-
2 a parison with similar Cu/Zn/Al hydrotalcite-like materials

E v the present samples appear less complex regarding the

phase composition. Materials obtained by coprecipitation
with NaxCO3 [29] contained hydrotalcite, aurichalcite, and

_) bayerite phases. In the following, notwithstanding the pres-
ence of a small amount of paratacamite, the precursor will
10 20 30 40 50 80 70 80 be indicated as hydrotalcite precursor.
2-theta

3.3. Elemental analysis and thermal behavior

Fig. 1. XRPD pattern of hydrotalcite—zacamite precursor conditioned

over O1p. Chemical analyses of the sample stored ov€g gave
the following results (expressed as mgyy Zn®t (210);
CUWt (105); ARt (123); CF (25); C (21); N (0); hydra-

Table 1 ) o ) tion water (50). The molar ratio of metals referred to total
Refinement details and quantitative phase analysis for the CuzZnAl precursormetaIS in the solid is thus 0.18, 0.33, and 0.49 for Cu, Zn,
Angular range {) 20 3-80 and Al, respectively. It may be noted that nitrogen com-
Step scan<) 26 0.02 pounds are not formed despite the presence of ammonia in
Time step (s) 15 the precipitating solution. The presence of chlorine can be
Rpab 0.124 assigned to the formation of Zn-rich paratacamite phase of
f;vcvp 2'127 formula Cy_,Zn,(OH)sCl. Carbon content is assigned to

carbonate present in the hydrotalcite phase. By assuming

;'ydmta'c"_e (%;/WW) ;gg (z) that only carbonates are the charge balancing anions, the Al
aratacamite (% w) 5@ content should be twice that of C content (1.75 mmdig
& Rp=Y_llo—Icl/ X Io. that is, 3.50 mmolgl. By comparing this value with the to-
P Rwp =Y wllo — Ic)?/ Y wIGIY/2. tal AI3+ content found (4.55 mmold), it can be deduced
=X w(lo — Ic)?/(No — Nvan)1V/2. that 1.05 mmol g* of Al is present in the sample as amor-
Hist 1
Lambda 1.5405 A, L-S cycle 112 Obsd. and Diff. Profiles
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Fig. 2. Rietveld and difference plots for hydrotalcite and paratacamiteegharesent in the CuzZnAl precursor. (Bottom lines: diffraction peakipos of
hydrotalcite. Upper lines: diffraction peak positions of paratacamite.)
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Fig. 3. TG/DTA curves of hydrotalcite precursor ands@t) paratacamite phase, previously conditioned oy€y .

phous hydroxide. Since €t and Zr#+ are vicariant cations ~ temperatures higher than 280, in agreement with the
in both the hydrotalcite and the paratacamite phase it is diffi- TG/DTA data. Over 320C, very weak reflections typical
cult to assign an empirical formula to the two mixed phases. of the copper and zinc oxides start to appear. To have a
Fig. 3shows the weight loss and differential thermal analy- better insight of the phases formed at temperatures higher
sis curves of the precursor as a function of temperature. Forthan 400°C, the XRPD patterns, taken at room tempera-
sake of comparison, the insetBig. 3reports the TG/DTA ture, of samples previously heated for 3 h in an oven at
curves of a sample of paratacamite, prepared by the ureahe indicated temperatures have been collectedHgepdb).
method. Thermal decompositiaf paratacamite occurs in  The patterns show diffraction peaks attributable to CuO and
two well-differentiated steps. The first one, attributed to the ZnO and only broad reflections attributable to zinc alumi-
loss of condensation water, is sharp and occurs aP@Q0 nate. Reflections of AD3 are absent. From these data, it
with a large endothermic effect. The second step, occurring appears that treatment at 43Dis suitable for obtaining cat-
between 450 and 65, is broad with two endothermic ef-  alysts for OSRM. In fact, this temperature is sufficiently high
fects and can be attributed to the loss of chlorine, very likely for the formation of metal oxides, but low enough to avoid
as HCI. At 700°C only a mixture of Zn and Cu oxides is  sintering phenomena that could cause loss of surface area.
present. The TG/DTA curves of the precursor show the typ- These samples, heated at 48Dat two different heating
ical features of the thermalecomposition of hydrotalcite  rates (2 and 10C min—1), hereafter indicated as 2-Cu/Zn/Al
and paratacamite phases. The loss below*@6an be at- and 10-Cu/Zn/Al, have been used, after in siturelduction,
tributed to the loss of water cointercalated with carbonates as catalysts of the OSRM process. The different heating rate
in the hydrotalcite phase, while the loss over 460to the leads to samples having very similar XRPD patterns, but dif-
decomposition of the paratacamite phase. The losses and théerent specific surface areas and different redox properties
associated endothermic effects between 100 and@5@&n (see later).
be ascribed to the loss of condensation water of hydrotalcite
(endothermic peak at 17@) and of paratacamite (peak at 3.4. SEM and EDSanalyses
300°C) overlapping with the loss of carbonates. The total
weight loss of the precursor (31%) is very near to that calcu- ~ SEM micrographs of the precursor and of the calcined
lated for the thermal transformation of the precursor, having material are reported iRigs. 5a and 5bThe precursor con-
the composition reported above, into CuO, ZnO, ang| sists mainly of aggregates with dimensions of about 1-2 um
metal oxides. but some well-developed platelet-shaped crystals with di-
The thermal decomposition of the precursor has been alsomension of about 7-8 um are also detected. The particles
monitored by recording the XRPD patterns in a HT diffrac- of the sample treated at 435G maintain the same morphol-
tion cameraFig. 4a shows the sequence of the patterns at ogy of the original precursor, despite the dramatic change
increasing temperatures. It may be observed that the strucin composition. This effect, already observed in Mg—Al hy-
ture of the hydrotalcite phase (interlayer distance 7.51 A) drotalcites[35], can be attributed to the so-called “memory
collapses at temperatures higher than AB0while the char- effect” of hydrotalcite$36]. EDS analyses confirm the com-
acteristic peak of paratacamite (5.45 A) is not present at position determined by chemical analysis, giving evidence
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Fig. 4. XRPD patterns of hydrotalcite precursor: (a) sample heated in HEreaat the indicated temperatures, (b) samples heated for 3 h in oven at the
indicated temperatures and then cooled at RT.

of uniform distribution of the elements throughout the sam-  As expected, thermal treatment at 48D causes a de-
ples. crease of the specific BET surface areas that, however, are
still high. The decrease is modest (from 133 to 17gm')
when the precursor is heated at a higher heating rate,
10°C min~1, much more consistent (from 133 to 73 gr'?)

at a lower heating rate,°Z min—1. For all the samples, neg-

In Fig. 6 the N, adsorption isotherms of the precursor |igible mesopore volume is found, while a small micropore
material and of samples treated at 4&Dwith different  volume is measured. It is worth noting that the different
heating rates are reported. All isotherms are of type II, ac- heating rates produce samples with different specific sur-
cording to the [IUPAC classification. Calculated BET surface face areas and pore volumes even if the XRPD patterns and
areas as well as micropore volumes, calculated by applica-SEM analysis do not show remarkable differences.
tion of as-plot method to adsorption data, are reported in  The Cu surface areas and Cu dispersions of the reduced
Table 2 samples, measured by the method afONchemisorption,

3.5. Surface area and porosity
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Fig. 6. Nb adsorption isotherms of hydrotite precursor and 2-Cu/Zn/Al
and 10-Cu/Zn/Al samples.

are reported in the sani@able 2 Such reduced samples cor-

Table 2

Surface area and pore volume of precursor and calcined samples; Cu surface
area and Cu dispersion of reduced samples

Sample Specific Micropore  Cusurface Cu
surface area  volume area dispersion
(m?g™h) emg™  (mgh (%)
Precursor 133 055 - -
2-Cu/zZn/Al 73 0021 92 83
10-Cu/Zn/Al 111 0056 101 91

Absorbance

o
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Fig. 7. FTIR spectra of (a) hydrotalcifgrecursor and (b) calcined 10-Cu/
Zn/Al catalyst recorded in air at RT using the KBr method.

the higher heating rate leads to a more disperse CuO phase
that favors the dispersion of the derived Cu phase.

3.6. Infrared study of the hydrotalcite precursor and of its
thermal decomposition

The infrared spectrum of the precursor materag( 7a)
in the spectral range 2000-400 thnis quite complex,
showing bands around 431, 558, 616, 682, 772, 865, 945,
and 1044 cm!. The bands are relatively sharp indicat-
ing, according to XRPD patterns (s&édy. 1), a high de-
gree of crystallinity. The spectrum fully agrees with the
published spectra of hydrotalcite-like double hydroxides
[37,38] Controversy exists about the assignation of the
bands. However, by comparison with the data reported by
Kloprogge and Frogi37] for Mg—Zn—Al hydrotalcites, we
can give the following assignments: 431 th Zn-OH
deformation, otherwise [Alg)®~ or a single Al-O bond;
558 and 616 cm!, Al/Cu—-OH translations, 772 cmd,
Al-OH translation; 865 cm!, interlayer CQ2%~ defor-
mation; 945 cm?, Al/Zn—-OH deformation: 1044 cm,
Al-OH deformation.

Additional components due to carbonate species are
found at higher frequencies: two well-defined bands are

respond to ready-to-use catalysts as employed in Part Il oflocated at 1362 and 1483 crh The further band at
this paper. It can be noted that Cu dispersion is slightly af- 1630 cnt?® is due to H-O—H deformation of water mole-
fected by the rate of the previous heat treatment: probably cules.
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After calcination at 450C (sample 10-Cu/Zn/AFig. 7Tb)
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Fig. 9. Adsorption of CO at RT over the 10-Cu/Zn/Al catalyst pretreated
under vacuum at 200C. Surface species (a) after contact with the gas,
(b) after 1 min outgassing at RT, (c) after 10 min outgassing at RT. The
spectrum of the catalyst after thermal pretreatment was subtracted.

the spectrum shows a significant change: it is now dominated3.8. FTIR study of adsor ption of carbon monoxide on the

by a broad complex absorption with two main maxima near
570 and 700 cm! and with well evident shoulders near
800 and 1100 cmt. The bands of carbonate species almost

catalyst

Adsorption of CO (IR band of the gas at 2138 this

completely disappeared, and those due to the metal-oxygerone of the most useful methods for characterizing the na-
stretching of the original hydrotalcite structure are absent. ture of dispersed transition metal species over catalytic sur-
According to XRPD patterns, these data indicate the for- faces[41]. Moreover, CO adsorption in this case can be par-
mation of a mixed oxide system. The IR features observed ticularly relevant because it is an unwanted product and/or a
with the calcined sample are typical of the spinel structure key intermediate of the overall OSRM reaction and it plays

and can be related mainly to the formationoAl .03 and

of ZnAl»04. So, the two main absorption bands at 700 and
570 cnt! can be assigned to the so-calledand v, vi-
brational mode of isolated [Alg) or [ZnO4] tetrahedra and
[AlO ] octahedra, respective[39].

3.7. UV-vis spectra

The UV-vis spectra of the precursor and the calcined ma-
terial (10-Cu/zZn/Al) are reported ifrig. 8. The precursor

an important role in the reaction under study.

Adsorption of CO at RT over 10-Cu/Zn/Al catalyst pre-
treated under vacuum at 200 (Fig. 9a) leads to the ap-
pearance of a complex band with the maximum centered at
2130 cnt! and a weak shoulder on its higher frequency side,
near 2165 cm’. Outgassing at RT causes a strong decrease
of the intensity and a shift of the main maximum down to
2120 cntl, while the shoulder at higher frequency is com-
pletely erodedKigs. 9b and 9c

After contact of the catalyst surface with CO-a160°C
(Fig. 10a), bands at 2135 (probably a multiple band), 2167,

shows a very broad and weak band around 800 nm that canand 2189 cm? are detected. By increasing the contact time

be assigned to d—d transitions of €uions in a distorted
octahedral symmetrj13]. The band at 330 nm is proba-
bly due to charge transfer transitions involving®uO?——
CW?t speciegd13,40] The strong band around 240 nm can
be attributed to & — Cu?* ligand to metal charge transfer
transition[13].

(Figs. 10b and 10c¢ the spectra show significant changes:
(i) the band at a lower frequency slightly increases in in-
tensity and shifts to 2140 cm, while a new component at

lower frequency seems to appear; (ii) the intensity of 2189
and 2167 cm? bands strongly increases, the latter becom-
ing the most intense after 10 min. Only a weak band at

The spectrum of the calcined sample presents a stronger135 cnt! with shoulder at lower frequency resists evac-
band around 240 nm and a broad one around 710 nm; ac-uation at RT Fig. 10d).

cording to previously reported dafth3], these two features

Adsorption of CO at-160°C on the catalyst activated at

are typical of copper oxide—alumina samples. The band ata higher temperature (30C) gives rise to a complex band

710 nm in particular has been assigned to4Bg — 2Tog
spin-allowed d—d transition of Gti ions in the distorted

characterized by a maximum at 2128 chwith a shoulder
at 2135 cnt! and two weaker bands at 2163 and 2187 ¢m

octahedral environment of the surface alumina sites with a (Fig. 11a). Outgassing at the same temperatifig.(11b)

spinel-type structure. The absorption around 400 nm could
be due to ZnO segregated after calcination.

causes a significant decrease in intensity of the bands at
2187 and 2163 cmt, and the disappearance of the lower fre-
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orbitals of CO. The formation of Cu(l) species was already

%9 o * observed in Cu/Zn/Al catalystubjected to reducing treat-
.,,.,,_/\M ments or used in the OSRM process by the XPS technique
. [11,24]

The band near 2160 cm, i.e., well above the gas-phase
vCO value, very intense over the surface of the catalyst acti-
vated at 200C (Fig. 10a), and less intense over the surface
of the catalyst activated at 30CQ (Fig. 11a), can be con-
fidently assigned to CO adsorbed over’Cispecies. This
band is much weaker at room temperature because of the
instability of the Cd+—CO carbonyls, due in part to the
weakness of the coordination bond (where back bonding is
1 , : : : poor or nothing) and ingrt to the ability of Cé* in oxidiz-

2250 2200 2150 2100 2050 ing CO to CQ (or carbonate species).
Wavenumbers (cm™) . . .
Finally the presence of carbonyl species over metallic

Fig. 10. Adsorption of CO at-160°C over the 10-Cu/Zn/Al catalyst pre-  copper surface sites can be deduced from the presence of
treated under vacuum at 20G. Surface species at increasing contact time a component at 2128 cM detected after adsorption at
with the gas: (a) after 0 min, (b) after 5 min, (c) after 10 min. Surface species low temperatures over the catalyst pretreated at°8n0
after evacuation at RT (d). The spectrum of the catalyst after thermal pre- that quickly disappears even after evacuation-a#0°C
treatment was subtracted.

(Fig. 11c). This component is well evident in the subtraction
spectrum reported as an insefig. 11 Both CO frequency
and thermal behavior fully agree with those typical of car-
bonyls over Cu metal particles.

The further weak band observed around 2190 tm
(Figs. 10 and 1}is assigned to CO coordinated to the mixed
oxide support. These data show how easy the redox cycles
are for Cu species that are reduced torGund C§ too by
simple outgassing as well as by the reducing agents present
in the atmosphere.

2160 2120
Wavenumbers (cm-)

0.4

Absorbance

0.2

0]

2.57

140 2120 2100 2080
Wavenumbers (cm')

Absorbance
g
o
S

1.5
] 3.9. FTIR study of adsorption of ammonia on the catalyst

i ,,/s"/“’
o, 200 oo o0 In order to gain information about the acid—base prop-

Wavenumbers (cm) erties of the catalyst, which could be relevant with respect
to methanol and water adsaoigm, we investigated the ad-

1.1

Fig. 11. Adsorption of CO at-160°C over the 10-Cu/Zn/Al catalyst pre- ; ; :
. ) sorption of ammonia by FTIR spectroscopy. fig. 12a
treated under vacuum at 30C. Surface species (a) after contact with the P y P by

gas, (b) after evacuation at160°C, (c) after evacuation at140°C. The the spectrum of the adsorbedeues ansing from ammo-

spectrum of the catalyst after thermal pretreatment was subtracted. Inset:Nia adsorption at RT on the edyst preactivated by out-
(c)—(a) subtraction spectrum. gassing at 450C is reported. It shows two strong bands,

both quite broad, with the main maxima at 1614 and

quency component of the main band, while the componentat1244 cnt?, respectively. Other weak absorptions are ob-
2135 cnr! seems practically unperturbed. After outgassing Servable at 1449 cni, and in the region 2200-2000 crh
on warming up to-140°C (Fig. 11c), a further decrease in  The strongest band with the main maximum at 1244tm
intensity of the bands at 2187 and 2163 ¢niakes place, but with a tail toward its lower frequency side, is due to the
while the band at 2135 cnt appears still unaltered. symmetric deformation of coordinated ammorsigmNHs.

According to previous work42—45]the band observed  The higher frequency band is the corresponding asymmetric
after CO adsorption at low temperature at 2135-¢m  deformation modes.gNHs. As expected indeed, no bands
(Fig. 108) and at 2130-2120 cm after CO adsorption at  due to ammonium ion are observed, showing the absence of
room temperature, quite stable to outgassing, can be con-Bragnsted acidity on the catalyst surface.
fidently assigned to the Cu-CO species. It is in fact well According to the sensitivity of the position of thgmNHz
known that stable carbonyls are formed over monovalent mode to the Lewis acid strength of the adsorbing cation,
copper cations, responsible for&0 band a little belowthe  the IR data give evidence of the presence of cationic sites
gas-phase value. In fact, the quite strentype donation of characterized by a medium-strg Lewis acidity, as predom-
the C lone pair of CO is reinforced by a relevantype back inant adsorbing sites. The width and position of this band
bonding from the d orbitals of cuprousion to the antibonding are similar to those observed previously, e.g., over Mg—Al
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Fig. 12. Adsorption of NH at RT over the 10-Cu/Zn/Al catalyst pretreated § 3
under vacuum at 450C. Surface species () after contact with the gas, g 0.4 2-Cu/Zn/Al 200 @
. . 3
(b) after evacuation at RT, (c) after evacuation at 100(d) after evacu- 2 02 | 10-Cu/Zn/Al
ation at 200°C, (e) after evacuation at 30C. The spectrum of the catalyst 8 I 100
o~
after thermal pretreatment was subtracted. T 00

and Cu—Mg—Al mixed oxides produced by decomposition
of hydrotalcite-like precursofg6].

Evacuation at RTKig. 120) causes a relevant decrease of  Fig. 13. TPR profiles of 2-Cu/zn/Al and 10-Cu/zn/Al samples and CuO.
the intensity of these bands. After outgassing at increasing
temperatureKigs. 12c—-12gthe bands due to coordinated 3
ammonia decrease even more, as expected, and the symmegesuits of TPR measurements
ric deformation mode§symNH3, now shows the maximum

time, min

. . . Sample Trmax H, consumption
at 1233 with a shoulder at 1250 ch(Fig. 12) which could 0) = -
be assigned to ammonia coordinated ovefZand ARt mo'g > molmoly
fons, respecively. souzm  s0a44  Bex10d 097
-cu/iin y X .
The weak sharp band at 1449 cthhas already been 10-CuiZniAl 200, 345 5 10-3 100

detected by us after ammonia adsorption over Cu-based cat
alysts and other transition metal oxide catalyjgi,47,48]

and has been assigned to species produced by ammoniavith maxima at about 290-310 and 345, appear of similar
oxidation and likely intermediates in the formation of hy- intensity, although the single components cannot be exactly
drazine, the likely precursor of N Also the bands in the  resolved. The TPR profile of the sample 2-Cu/Zn/Al ap-

region 2200-2000 cm have been detected frequenid@] pears sharper; however, the amount of consumed hydrogen,
and are certainly due to N-O bond stretchings of ammonia reported inTable 3 is the same for the two materials and cor-
oxidation species. responds to reduction of all Cu(ll) to Cu(0). Composite TPR

Therefore these results clearly show that Lewis acid sites peaks were also reported by other authors for Cu/Zn/Al sys-
with medium-high strength, mostly due to the Zn—Al oxide tems, either with higil2] or with low alumina contentL 3].
“support,” are present on the surface of the catalyst. A frac- Different TPR components were explained by reduction of
tion of the adsorption sites, probably involving oxidized Cu different Cu(ll) species, such as CuO, Cu@), and C§+
centers, show noticeable oxidative properties, as suggestedons incorporated in octahedral sites of the,®¢ phase
by the formation of ammonia oxidation products; so this [12,13] In our samples, besides the CuO phase detected by

shows their quite easy reducibility. XRPD, some Cfi* ions are probably present in the surface
sites of alumina and the two TPR signals could be related to
3.10. TPR/TPO measurements reduction of different Cu(ll) species. However, it is expected

that the limited amount of surface Cu(ll) species contribute
The TPR profiles of 2-Cu/Zn/Al and 10-Cu/Zn/Al are to TPR signals to a lower extent than bulk CuO. Therefore,
reported inFig. 13 The TPR curve of pure CuO is also re- it seems more likely that the two TPR components are re-
ported for comparison. The TPR profile of pure CuO shows lated to the two-step reduction: Cu(# Cu(l) - Cu(0), as
a single peak with maximum at 34€. The Cu/Zn/Al ma- suggested by8]. A two-step reduction of Cu(ll) was also
terials give composite peaks, with two not resolved signals observed for CuO/ZnO catalysts by the XANES technique
in the same temperature range as pure CuO. The two peakd,7,18], although in this case the two signals were not dis-
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Fig. 14. TPO profiles of 2-Cu/Zn/Al and 10-Cu/Zn/Al samples. 0

mass 17

tinguished by the TPR technique. From data by different
authors[8,15,28,50]it seems that the two reduction steps
of Cu(ll) are not distinguishable by the TPR technique when
Cu(ll) species are highly concentrated. This could be due
to (i) a broadening of the peaks in the presence of high
amount of Cu(ll), or (ii) the large heat release that increases . . .
the temperature of the sample speeding up the second re- 0 200 400 600
duction step. Some authors found that highly dispersed CuO
gave TPR signals at much lower temperatures than bulk CuO
[15,50,51] since such signals are absent in our TPR spec- Fig. 15. NH; TPD spectra of oxidized 10-Cu/Zn/Al sample: (a) TCD de-
tra, we can exclude the presence of a highly dispersed formtector: (b) MS detector.
of CuO. According to the XRPD and UV-vis analyses our
samples contain, besides CuO, Cu(ll) species as vicariant It is worth noting that the sample 10-Cu/Zn/Al shows
species in the zinc oxide and zinc aluminate: these specieshroader and less resolved signals with a more intense low-
should be reduced at a temperature higher than that of CuOtemperature shoulder. This means that the properties of the
[13] and could be related to the small signal that appears atCu phase are appreciably influenced by the previous heat-
about 570C in TPR profiles. However, on the whole the ing rate. As observed above, the CuO phase contained in the
TPR profiles of these samples show less components tharsample 10-Cu/Zn/Alis more heterogeneous: this could lead,
similar hydrotalcite-derived Cu/Zn/Al catalyg®9] and this after reduction, to a more heterogeneous Cu phase, with a
is probably related to a more homogeneous phase composiwider distribution of particle sizes. This effect can explain
tion. The different shape of TPR profiles of the two samples the presence of broader TPO signals, due to different oxida-
could be related to the different specific surface area: thetion rate of particles of different sizes.
sample 10-Cu/Zn/Al, obtained with a higher heating rate has ~ The componentthat appears as a shoulder at abodt200
a higher surface area and very likely is less homogeneous (agould be due to a surface oxidation that is kinetically faster
regards crystals sizes), thus showing a wider range of reduc-and precedes the bulk oxidation. This component is more
tion temperature. This agrees with the higher dispersion of intense for the sample 10-Cu/Zn/Al, suggesting the presence
the Cu phase in the sample 10-Cu/Zn/Al, as above discussedof particles with lower average dimensions, as expected for
In order to obtain more complete information on redox the sample obtained with higher heating rates.
properties, TPO measurements were effected on the sam-
ples after TPR tests, thus containing metallic CuFig. 14 3.11. NH3-TPD measurements
we report TPO curves of 2-Cu/Zn/Al and 10-Cu/Zn/Al. The
two samples show composite TPO peaks in which two main  NH3 TPD measurements were carried out both on cal-
components are well evident at about 240-250 and®@00  cined samples and on samples reduced according to the TPR
and a shoulder is also present at about2D0The amounts  conditions. NH thermodesorption was monitored by TCD
of consumed oxygeriTéable 4 are close to that correspond- and MS detectors. Ifrigs. 15 and 1&he corresponding
ing to oxidation of all Cu(0) to Cu(ll). The two main TPO curves are reported.
signals can be related to the two oxidation steps Cu{0) TPD spectrum of not-reduced 10-Cu/Zn/Al sample
Cu(l) — Cu(ll). The formation of Cu(l) as intermediate (Fig. 158) shows a composite signal due to at least two
species during oxidation of Cu(0) at 250 was already ob-  components, with maximum at 12€@ and a broad shoul-
served in similar materiald.8]. der at about 350C and a long tail extending up to 60G.

mass 44

MS, arbitrary units  NH,, mol min" g x 10°

mass 2

Temperature, °C
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w

ties are not influenced by Hreduction because they are
related to the metal oxide matrix in which the Cu(0) phase
is dispersed. The MS spectra indicates thaghdtlesorbed
mainly as unreacted species since no signals of mass 44 are
observedFig. 160). This suggests that no oxidation of am-
monia occurs in the entire temperature range, different from
the not-reduced sample. On the other hand, a well evident
mass 17 b peak of mass 2 appears in the same temperature range where
mass 2 the peak of mass 44 appeared with the not-reduced sam-

ple. The presence of hydrogen explains the swinging of the
TCD signal at high temperatures, since ¢hn give nega-
tive signals with TCD when He is employed as carrier gas.
The formation of H can be due to some decomposition of
ammonia catalyzed by Cu(0). &refore these results indi-
0 200 400 600 cate catalytic dehydrogenating properties of metallic copper
formed by reduction of Cu(ll).

The results of NH TPD measurements can be summa-

Fig. 16. NH; TPD spectra of reduced 10-Cu/Zn/Al sample: (a) TCD detec- rized as follows:
tor; (b) MS detector.

N

NH,, mol min™ g™ x 10°

mass 16

MS, arbitrary units

.__7 mass 44

Temperature, °C

¢ the calcined sample has acid sites with a wide strength
This is indicative of a wide strength distribution of acid distribution, from weak to strong; such acid strength dis-
sites, varying from weak to strong. These acid sites are tribution is retained after reduction withoH
related to the contribution of the different metal oxides e Cu(ll) species behave as strong adsorbing sites charac-

Al>03, ZnO, CuO, although the contribution of AD3 is terized by noticeable oxidant properties;
probably prevailing. The amount of desorbed ammonia is e the metallic copper, formed by reduction of the sample,
8.8 x 10~* molg™! corresponding to surface site concen- exhibits dehydrogenating properties.

tration of 47 x 10 cm~2. In agreement with the above
IR study, ammonia is adsorbed on Lewis acid sites, identi-
fied above predominantly as Zhand AP+ cations. In the
MS spectra Fig. 1%) the signals of mass 16 and 17 that
are due to ammonia closely correspond to the TCD signal,
showing that NH is mainly desorbed as unreacted species. = Nt ,
The absence of peaks of mass@hd 2 gives evidence that ization of complex materialin light of their use as cat-

ammonia undergoes no decomposition during thermode-alysts for methanol reforming. It may be anticipated (see
sorption. However, a well evident peak with maximum at Part 1l of the work) that the catalysts obtained have shown

580°C appears in the spectrum of mass 44 correspondingVe"y interesting cgtalytip pe_rformance aqd tr_]is account; for
to NoO species. This peak appears in correspondence of thdhe efforts made in the|r' w@e charaqtenzatlon. In particu-
tail of the ammonia signal and so is related to interaction of 1", & Cu/Zn/Al hydrotalcite-like material has been prepared
NH3 with strong and oxidizing adsorbing sites, which are With the urea method, modified to introduce Cu(ll) into the
certainly associated with Gt cations, in agreement with ~ Prucite sheets. This has allowed us to obtain a product with
ETIR measurements. fairly high Cu content; however, the contemporary forma-
On the sample reduced as described above a TPD meation of a Cu/Zn oxychloride (paratacamite phase) could not
surement was performed and the results are reported inbe avoided. In comparison with literature data, precursors
Fig. 16 A composite peak is observed also under this con- Prepared by the urea hydrolysis method appear more homo-
dition (Fig. 16a), with a shape resembling that of the not- geneousand lead to catalysts with different redox properties.
reduced sample in the low-temperature range, while aswing-  In this work the thermal behavior of the precursor has
ing signal is observed in the temperature range 4002600  been thoroughly investigated, and formation of a very dis-
The amount of desorbed ammonia is similar to that observedpersed mixed oxide system has been observed abov&320
for the not-reduced sample .67x 10~ molg™!, corre- Spectroscopic measurements have shown that, after treat-
sponding to surface sites concentration df ¢ 104 cm~2). ment at 450C, besides CuO, ZnO, and amorphous@®y,
MS spectra of mass 16 and 1Fig. 1) show no swinging  also Cu and Zn aluminates are probably present.
of the signal and are very similar to those of the not-reduced  Acid and redox properties of calcined samples, that can
sample, showing shouldered peaks with maxima at aboutplay an important role in the catalysis of OSRM reactions,
150°C and a long tail extending up to 60G. This indi- have been characterized. The presence of Brgnsted acid-
cates that the reduced sample also shows a wide distributionity has been excluded, while Lewis acid sites with a wide
of acid strength, from weak to strong, and acidic proper- strength distribution have been detected.

4, Conclusions

This study has dealt with the synthesis and character-
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Noticeable oxidizing properties of Cu(ll) centers have
been evidenced, while mdilia copper has been shown to

55

[18] M.M. Gunter, T. Ressler, R.E. Jentoft, B. Bems, J. Catal. 203 (2001)
133.

possess catalytic dehydrogenating properties. It has been hy[L9] N- Takezawa, N. lwasa, Catal. Today 36 (1997) 45.

pothesized that reduction of CuO and reoxidation of Cu(0

20]
) [
occurs through the formation of Cu(l) intermediate species.

L. Alejo, R. Lago, M.A. Pefia,.l.G. Fierro, Appl. Catal. A 162 (1997)
281.
[21] R.M. Navarro, M.A. Pefia, J.L.G. Fierro, J. Catal. 212 (2002) 112.

Cu(l) species are able to form stable complexes with CO [22] z. Wang, W. Wang, G. Lu, Int. J. Hydrogen Energy 28 (2002) 151.

molecules, while Cu(0) and Cu(ll) interact very weakly with
CO. Also this property could play an important role in the
mechanisms of the OSRM reactions.
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