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Abstract

This paper reports an X-ray absorption spectroscopy investigation of the chemical state of copper in Cat@ySts under reaction conditions.
The catalysts were subjected to different treatments with hydrocarbong @Hg, or C3Hg) and hydrocarbon/NO and hydrocarbon/N@/O
mixtures. The analysis was done for samples heated in situ at temperatures ranging from 298 to 773 K. The first derivative of the X-ray absorp
near-edge structure (XANES) spectra of the Kuedge was analysed by factor analysis (FA). This analysis provided an accurate means of
estimating the percentages of &y Cu™, and CQ under each reaction condition. Before reaction, the original catalyst consisted mainly of
CW?T species. Heating the catalyst with the hydrocarbon to 573 K led to its partial reduction with formation of a significant amotntAtf Cu
the higher temperature, and depending on the hydrocarb&sp‘ﬂcies were dominant. When the catalyst was treated at 773 K with mixtures
consisting of hydrocarbons plus NO, there was still a significant concentration®of@d C¥ species, although the relative concentration of
CW?T generally increased. For these gas mixtures, it was also found that the relative concentration of the three different oxidation states of coy
was highly dependent on the type of hydrocarbon. In general, the concentration of reduced species was related to the reactivity of the hydroca
(CH4 < CgHg < CgHg) and was particularly high with §Hg. Finally, the analysis showed that most copper remained s @hen the sample
was heated in a hydrocarbon/NG/@ixture at 773 K, although some ¢can persist under these conditions. Some quantitative discrepancies
were observed by comparing the results obtained by XANES/FA and those obtained by fitting analysis of the extended X-ray absorption f
structure spectra. However, the higher concentration df §pecies detected by XANES/FA analysis under working conditions is congruent with
temperature-programmed reduction and X-ray photoelectron spectra experiments on this sample. It is concluded that the combination of tl
two procedures may yield more reliable information about the physicochemical state of the diffefénaoi and CQ@ species existing in the
Cu/ZrQ, catalyst under de-NQreaction conditions.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction widely used option$3-5]. In these systems, a very important
point of investigation is analysis of the role of copper in the
The selective catalytic reduction (SCR) of NO in the pres-catalytic reaction and, consequently, the determination of its ac-
ence of oxygen and hydrocarbons has attracted much recetotal chemical and coordination state under reaction conditions.
interest because of the significant environmental impact of thi¥arious methods, including electron spin resonance (6R)
proces$l,2]. Among the different catalyst and active phase for-X-ray photoelectron spectroscopy (XH%), Fourier transform
mulations that have been proposed for this reaction, copper witiyfrared spectroscopy (FTIR], and other techniqug8], have
zeolites or other oxide supports have been some of the mogken ysed for this purpose. However, most of the experimental
results have been obtained with after-treated samples, not dur-
"~ Corresponding author. Fax: +34 954460665. ing reaction conditions. X-ray absorption spectroscopy (XAS)
E-mail addresscaballero@us.e@. Caballero). can be applied to investigate catalysts under real working con-
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ditions of temperature and pressyi®]. Several works have resistively heated. The samples were pressed as self-supported
been published reporting in situ XAS analysis of Cu-ZSM5 andwafers in a standard 13-mm die, using the optimum weight
other related copper-containing catalyjdts-13] In the present to maximise the signal-to-noise ratio in the ionisation cham-
investigation we applied in situ XAS to ascertain the chemicabers. For energy calibration, a standard Cu foil introduced after
state of copper in a Cu/ZrTatalyst that was previously probed the sample was measured at the same time. Typical EXAFS
as active for the SCR reaction with different hydrocarbonsspectra of CuK edge were recorded from 8800 to 10,000 eV,
(methane, propane, and propene) as reductive aggs8td4]  with a variable step energy value, with a minimum 0.5-eV step
The work is focused primarily on the development of a simpleacross the NEXAFS region (8970-9010 eV). EXAFS spectra
and reliable procedure for X-ray near-edge absorption spectraere analysed using a standard package developed by Bonin et
(XANES) that may provide a semiguantitative estimation ofal. [19], using the theoretical amplitude and phase shift func-
the different chemical forms of copper (i.e.,&uCut, and/or  tions proposed by Rehr et al. (version 7[@2]). Data from the
CW) under different working conditions (e.g., temperature, re-XANES region (8970-9010 eV) were normalized and derived
action mixture) of the catalysts. The procedure developed reliegnalytically using standard algorithms, and treated without fur-
on the factor analysis (FA) technique and the first derivativether processing.
spectra of the XANES spectra. Using FA to deal with XANES  Reference spectra for €and C@+ oxidation states were
spectra of a Cu—Pd catalyst was proposed by Ferndndez-Gareigcorded using standard reference samples of a metallic foil and
et al.[15]. More recently, other publications have reported theCuO powder, respectively. For the Cuoxidation state, no ref-
use of this mathematical procedure in both XANHS$] and  erence was available, but our results were compared with data
extended X-ray absorption fine structure (EXAFSJ]. Inthe in the literaturg21]. Also, as shown later in this paper, a refer-
present investigation, we propose using the first derivative oénce for Ctr was obtained from mathematical analysis of the
the XANES spectra as a more reliable and simple alternativexperimental spectra.
for applying the FA method. Comparing the results with those For the reaction treatments, NO, hydrocarbons {GE3Hs,
obtained from fitting analysis of the EXAFS spectra of copperor C3Hg) and oxygen were diluted in He (1000 ppm, 2500 ppm,
under the same working conditions allows us to calculate thand 3%, respectively). Mass flow controllers were used for dos-
relative concentration of the different chemical states of coppeing the gases to the cell, using a total flow of 100 mLin
(i.e., CP, Cut, or Ci#*) existing in the catalysts for each reac- The catalysts were placed in contact with the mixture at room
tion mixture and temperature of reaction. The high stability oftemperature, then heated up to the desired temperature us-
Cut, detected even under oxidizing conditions, has been coring an ascendant heating ramp of 10 K minfollowed by a
firmed by temperature-programmed reduction (TPR) and XP&mperature-constant period of 1 h. Then the cell was cooled to
analysis. room temperature and the spectra were recorded in contact with
the reaction mixture.
2. Experimental and methods
2.3. Factor analysis
2.1. Catalyst preparation
Analysis of the XANES spectra was performed by FA, a

A Cu/zZrO, sample (3% weight of Cu) was prepared by wet- multivariate statistical procedure used widely in such areas as
ting impregnation with a Cu(N§), solution of a ZrQ powder ISS, XPS, SIMS, and XA$22,23] This mathematical tech-
prepared by forced hydroly§i$8]. For the preparation of Zr§)  nique enables determination of the minimum number of factors
a 0.2 M solution of ZrOCl placed on a sealed beaker was (chemical components in our case) needed to reproduce the data
heated at 363 K for 70 h, then cooled rapidly with cold wa-within experimental error. A detailed description of the tech-
ter. The suspension obtained was dialysed until chlorine ioneique was given previous[24,25] An important aspect of this
were eliminated, centrifuged, and rinsed with distilled watertechnique is that each data point is inherently weighted in pro-
several times. The resulting deposit was oven-dried at 323 kortion to its value. This means that points with higher absolute
for 24 h. The resulting Zr@presented a specific surface area,values (i.e., intensity) will have more importance statistically
SgeT = 50 P g1, after calcination at 673 K. Once impreg- than those with smaller values. This fact is specially important
nated, the solid was oven-dried at 373 K for 5 h, then calcinedo take into account in spectral shapes as those found in XAS,

in a 100 mL min! 3% Oy/He flow at 673 K for 3 h. where a jump is superimposed on features resulting from, for
instance, different oxidation states. Taking the raw spectrum,
2.2. X-Ray absorption spectroscopy this feature would mean that those points after the jump (with

a higher value) would have statistically more importance than

XAS spectra were recorded at the BM29 beam line of thehose around the edge, despite the appearance of importance
ESRF synchrotron (Grenoble, France). The spectra were afeatures in that zone. To minimize these effects, we analysed
quired in transmission mode using a Specac infrared-transmishe data of XANES region in a derivative mode, a method pro-
sion cell equipped with Kapton windows that allow in situ posed by Okamoto et g26] for improving the determination
treatment of the sample under controlled gas mixtures and tenof the different oxidation states in Cki edge spectra. In addi-
peratures up to 773 K. The sample was placed in a stainless ste&n, this method replaces the “background” removal procedure
holder directly in contact with the gas mixture atmosphere andised when analysing data by some other techniques.
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beamline were similar to those reported in the literaf@g
for these materials and were not been include#im 1, left,

XPS spectra were recorded with a Leybold-Heraeus LHSfor the sake of simplicity. The most prominent differences be-
10 spectrometer (base pressure 300 Torr) working in the  tween the first derivative curves appeared in the region between
constant-pass energy mode at a value of 40 eV. The Aladi- 8975 and 8985 eV, that is, in the zone corresponding to the mov-
ation (zv = 14866 eV) was used as excitation source. Bindinging “edge” of the integral spectra &ig. 1L
energy (BE) reference was taken at thes @&ak of the carbon First derivative curves are more sensitive than integral curves
contaminating the surface of the samples at a value of 284.6 eXor detecting the formation of new chemical states. This is
clearly evidenced by a direct comparison of the first derivative
curves of the catalysts under different reaction conditions with
those of the reference materials plotted in this figure. Thus, it

TPR was carried out in $Ar flow (50 mLmin~1, 5 vol%  a@ppears that the peak at 8979 eV in the curve of metallic cop-
H,) from room temperature to 50C at a heating rate of Percan be taken as a characteristic fingerprint &, @inereas
10°C min—L. A TCD previously calibrated with CuO was used that at 8984 eV, although existing in the curve of metallic state,

as a detector to monitor the hydrogen consumption. The sanis the most intense and characteristic ofCspecies. The de-
ples were previously calcined in air at 500 for 1 h, then velopment of peaks at these energies for the catalyst subjected
cooled to room temperature. to different treatments is a clear indication of the formation

of these species. Thus it can be concluded that although Cu
species are predominant in the catalyst heated witatG73 K

and with the NO/G/C3Hg mixture heated at 773 K, Cspecies
formed in the catalyst heated withhBs at 773 K. However, the
development of a peak at 8982 eV for the sample heated with
. C3Hg at 573 K and a shoulder at this position when heated with
Fig. 1, left, shows the CUK edge spectra of the Cu/ZgO @ NO/GHg mixture at 773 K do not fit the pattern of typical en-

catalysts recorded in situ after treatment with the indicate - ) .
: L rgy positions described for €and CuO. This new feature can
propene gas mixtures and temperatures. This figure clear . . S
N . e attributed to the formation of Cuspecies in the Cu/ZrD
shows that significant changes in the shape of the spectra oc- : L
. ) catalysts treated under the aforementioned conditiBigs. 1,
curred depending on the actual chemical treatment of the sam- : : o L
and particularly the first derivative spectra in right, shows an

ple. The most significant feature was the development of aeasy way to perform a first assessment of the evolution of the

shoulder at around 8980 eV that resulted in a shift in the po- . i
o ; . chemical states of copper in the Cu/Zr€atalysts treated under
sition of the absorption edge of the spectra. Clearer evidenc o . .
. . . different conditions. Thus, it appears that during the treatment
of these changes can be obtained by calculating the first deriy-. n . :
. ) with O, at 573 K, C§t was the predominant copper species.
ative curves of these XANES spectra. The curves obtained ARter heating with GHe at 573 K, most copper transformed
shown inFig. 1, right, along with similar curves for CuO and g 6 ' bp

CWP reference samples included for comparison. The XANE nto Cu*, which in turn yielded CRafter heating with this gas

. at 773 K. Then the catalyst was treated with a NgMg mix-
spectra of CuO and Cuas recorded in the same Synchrotronture to 573 K, with no changes noted in the oxidation state of

copper. However, the same gas mixture at 773 K favoured the
formation of Cu species, demonstrating the relatively high ox-

2.4. X-Ray photoelectron spectroscopy

2.5. Temperature-programmed reduction

3. Resultsand discussion

3.1. CuK edge XANES spectra

CuOX/Zr02 // Propene

NO/05/C g 773K 897 8984 cu idation activity of NO at this temperature. Finally, the addition
/‘ S~ ‘J\///\/\’* of O to the reaction mixture led to the oxidation of copper into
NO/C3Hg 773K ———fv/\/-\’\_\,cf?/ CU2t, which was now the predominant species.
5 / @; m g | s ROYSe T Similar qualitative assessments can be done for the other
2 ——'—//_\,,_\ Tf _.Nég/\vﬂ two experimental situations studied in this work, withHg
E —J//\ffw E SN —Norcsfig 773K and CH, used as hydrocarbon&igs. 2 and 3show the re-
‘g‘ // CaHlg 573K g J N\ —"T\0/C3Hg 573K sults for these experiments. Thgsg two fi_gurfas report the. Cu
< / o, 573k| /*\//\isje\”ji K edge XANES spectra and their first derivative after heating
/ /_\ ‘3 89816 N\~ N\ 36 77K the Cu/ZrQ catalyst with mixtures containings€lg or CHy,
/ /\/ g respectively, together with NO and/op@t 573 K and 773 K.
et 2

Depending on the hydrocarbon, differences in reactivity can
be deduced by comparingigs. 1 and 3Thus, whereas Cu
species were dominant after the treatment withlgat 773 K,
the reaction with propane at the same temperature gave peaks
with similar intensities, due to Cuand C{ species. Finally,

8970 8980 8990 9000 9010 8970 8980 8990 9000 9010

Energy (eV)
Fig. 1. (Left) CuK edge XANES spectra for a Cu/Zg&pectra recorded dur- . L .
ing reaction with the indicated gas mixtures containirgHg at the indicated after the treatment with CHat 773 K, the derivative line was

temperatures. (Right) First derivative of the spectra of the CufZr@alysts domin_ated by the peak at _8982 ev, d_u_e to*Gapecies. This
shown in the left panel. The derivative spectra of CuO and Cu are included itbehaviour, related to the higher reactivity of theHg hydro-
this figure for comparison. carbon, can be observed in all of the treatments. Finally, in the
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Fig. 2. (Left) CuK edge XANES spectra for a Cu/Zg&pectra recorded dur-
ing reaction with the indicated gas mixtures containingdg at the indicated
temperatures. (Right) First derivative of the spectra of the Cuyzr@alysts
shown in the left panel. The derivative spectra of CuO and Cu are included in
this figure for comparison.
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Fig. 3. (Left) CuK edge XANES spectra for a Cu/Zg&pectra recorded dur-
ing reaction with the indicated gas mixtures containingsCt the indicated
temperatures. (Right) First derivative of the spectra of the CuyZr@alysts

shown in the left panel. The derivative spectra of CuO and Cu are included igyf copper have been proposed to explain the reactivity of Cu-
this figure for comparison.

presence of oxygen, whatever the hydrocarbor’*Capecies
were dominant.

3.2. Factor analysis of first derivative spectra

Factors

8984
CuO

M\/v
\

8970 8980 8990 9000 9010
Energy (eV)

du/dE (Normalised)

Fig. 4. Shape of PCs obtained by FA from a data base consisting of the first
derivative spectra ifrigs. 1-3 These PCs reproduce all the first derivative spec-
tra in these figures. They are attributed td°CQu™ and C#* species.

(peak at 8982 eV), and €upeak at 8979 eV) species. The
fact that the position of the PCs attributed to CuO anfl &
incided with the experimental position found for the principal
contribution of these two reference samples supports such an at-
tribution. The partition values of each PC in each spectrum for
the different gas mixtures and reaction temperatures selected
are shown irFig. 5in the form of bar diagrams. A first evalua-
tion of the values reported in this figure confirms the qualitative
evolution of oxidation states discussed earlier for the three ex-
periments shown ifrigs. 1-3 However, the quantitative data in
Fig. 5reveal that a mixture of chemical states 8CGut and
CU?T) are present in most experimental situations, even though
a first look at some of the spectrakiigs. 1-3does not clearly
reveal the presence of more than one chemical state. Various
interpretations based on the partition of given chemical states

based catalysts. Thus, it has been claimed that the formation of
intermediate Cii—NO adsorbed states is critical for activation
of the NO moleculef28]. According to other interpretations, a
direct interaction between NO and carbonaceous species would
constitute the limiting step for the reduction of N[B,29].
Also, previous in situ XPS results from our laborat$y in-
dicated that under NO reduction conditions, in contact with

A quantitative estimation of the relative concentration ofa hydrocarbon/NO/@mixture, no monovalent copper species
each oxidation state of copper is possible by using the FA techwere present in the Cu/Zgatalytic system. However, the re-
nique[22]. This procedure was previously used for the analysissults inFig. 5indicate that Cti species are present in almost
of XANES spectra of Cu—Pd bimetallic cataly$is]. By ap-
plying this mathematical procedure to the derivative spectra iisuch as those existing in real exhaust streams (e.g., catalysts
Figs. 1-3in the zone of 8972—8988 eV, we obtained that threeheated with NO/@/hydrocarbon mixtures at 773 K).
principal components (PCs) sufficed to reproduce the shape of Comparing the three panels Fig. 5, it appears that the
all experimental spectra. The shape of these three PCs, showstent of reduction to Ct and C\{ states for the mixtures
in Fig. 4, have been attributed to CuO (peak at 8984 eV)@u He/HC, and He/HG/NO (HC, = hydrocarbons such as GH

all experimental situations, even under oxygen-rich conditions
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3.3. Cu K edge EXAFS spectra

80 -

60 L_ICu Studying the local structure around the copper atoms based
S Cu,0 ) :

40 — cuo on the analysis of the Fourier transform (FT) curves of the

EXAFS spectra allow validation of the FA results reported in
the previous sectiorkig. 6 shows the FT curves for all of the

' ' ' ! experimental situations considered in this study. Careful obser-
vation can qualitatively detect the reduction of copper td"Cu

20

o
e e——
- 4
=
— %
A

% Propane and CU, either by a displacement in the position of the first

601 g” o shell coordination peak to higher values of R or by a broadening

40 ng of the peak in that direction for reaction conditions that, accord-

20 \ \ ing to the previous XANES spectra, produces an increase in the
} g relative concentration of Cuor CWP species (i.e., by heating

' ' ' ! with the hydrocarbon at 573 and 773 K and with the NO{CH
mixture at 773 K).Table 1summarises the best-fitting parame-

Relative contribution of Cu Species
o
|
]

Calcined g
i
= ;
-

80 Propene L

P Ccu ters that reproduce this first peak of the FT curves. Three types
601 1 XY cu,0 of bonding distances were detected from this analysis: one be-
40 - . C.0 tween 1.99 and 2.01 A attributed to €u-O bonds, another at

about 1.85 A attributed to Cu-O bonds, and a third at 2.52 A,
close to that corresponding to Cu—Cu bof®i3].

A first assessment of the fitting parameters givemdble 1
compared with the results from XANES reproducedFigs. 1—
3 reveals good qualitative agreement, but also important quan-
titative differences. In fact, by fitting analysis, only €¢wO
Fig. 5. Percentage of the different copper species in the Cy/Zaalyst under  distances could be detected after all of the treatments with oxy-
reaction conditions determined by FA for the different experimental situationsgen mixtures at 473 or 773 K, in agreement with our previous
whose XANES spectra are shownfiigs. 1-3 XPS results obtained for this catalytic systg8h However, as

_ shown earlier, under the same conditions, about 10% df Cu

CsHe, CsHg) depends on the type of hydrocarbon, following gnecies were detected by FRig. 5). It is noteworthy that the
the tendency €He > C3Hg > CHa. This trend coincides with  fiting analysis results show that this copper(1l) oxide phase had
the known reductive character of these three hydrocarbons (i.ey, coordination number of about 3.5, lower than the value of 4
their tendency to dehydrogenation to yield carbon residues) angharacteristic of massive CU®0]. This fact could in principle
support previous results with this Cu/Zr@atalyst[7], where  pe generically related to the existence of a distorted CuO phase
XPS showed that the amount of carbon residues produced afispersed over the zirconia surface. The FA results suggest an
its surface follows this reductive character. alternative explanation related to the existence of a mixture

20
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CH,+NO
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CH +NO+
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Fig. 6. FT curves of the CK edge EXAFS spectra of the Cu/Zs@atalysts under reaction conditions as indicated in the figure. (Left) Reaction mixtures containing
CHjy. (Middle) Reaction mixtures containingz€g. (Right) Reaction mixtures containingsBg.
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Table 1
Fitting results (coordination number and radial distances) for Cu/Z@alysts at the indicated treatments. FA corrected C.N. in parentheses
Treatment Shelfs C3Hg C3Hg CHy
R(R) C.\N. R (A) C.\N. R(R) C.N.
0,,573K Cu-Q 1.96 35 196 35 196 35
CxHy, 573K Cu-Q 1.98 17 194 36 199 18
Cu-O 1.86 07 - - 182 09
CxHy, 773K Cu-Q - - 198 Q7 196 09
Cu-O - - 187 06 188 14
Cu-Cu 252 90 (112) 2.52 53 (10.6) 251 23(8.5)
NO/CyH,, 773K Cu-Q 1.93 06 198 11 2.00 17
Cu-O - - 186 09 1.86 13
Cu-Cu 252 83 252 34 251 13
NO/O,/CyHy, 773 K Cu-Q 1.93 36 195 33 194 34

2 First coordination shell of Cu in: CuO—4 oxygen atoms at 1.95 A;@u-2 oxygen atoms at 1.85 A; metallic Cu—12 copper atoms at 2.55 A.

SATJFRAL.
Cu2p
Cu0/zr0, 0.57
— CuO 0.76
> -
© 5
8 v <
c : ~
ks v 2> m
: \
= Gu0/2r0, S M
3 N A= 1,7 2 /"“\ Cu0/zr0,
C _—
[e]
T w/
CuO
CuO An=2,0 \W/«d\
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Temperature (°C) g 9y (V)

Fig. 8. X-Ray photoelectron spectroscopy of CuO and a CujA&alyst.
Fig. 7. Temperature-programmed reduction profiles of CuO and a Cpat®

lyst.
e provide evidence of the high reducibility of copper dispersed

of copper () and (Il) oxide phases, which cannot be resolve$n the zirconia surface. A similar conclusion can be obtained

by conventional fitting analysis. The characteristic coordinatio ydf:omparclinghthe XPS of a'amas;lvce CI?O pdhacseIWIth that for

numbers for these two phases (4 and 2, respectively) could af-0ISpersed phase in zircon ¢. 9. Cu(ll) an u()_ Species
can be easily distinguished by XPS, because thepGignal of

count for the experimental values includediable 1 X _
Additional evidence of the high stability of the copper(l) ox- the former has a satellite peak centred at a BE of 924 eV, which

ide phase on the zirconia surface can be obtained from TP$ NOt present for Cu(lj7]. The relative intensity between this
and XPS experimentsig. 7 shows the reduction profiles ob- Peak and the principal one at 934 eV was about 0.76 for the
tained for a precalcined CugZrO; catalyst and a massive Cu0 CUO, whereas the highest value obtained for the catalyst was
sample. Together with the lower temperature range for the rd2-57- This difference, not estimated as relevant in previous XPS
duction of copper in the catalysts, which reveals that this phastesults[8], can also supports that the copper in the calcined cat-
was well dispersed on the support, an important difference i@lystis partially reduced, in agreement with the FA analysis of
hydrogen consumption existed. Although for the massive copthe XANES data.

per oxide, the hydrogen consumption corresponded to a stoi- Atthis point, itis interesting to stress that although there was
chiometric change from Cu(ll) to Cu(0) (i.eAn = 2), for the relatively good agreement between the fitting results of EXAFS
catalysts, onlyAn = 1.7 was measured. Assuming that only spectra and the FA of the XANES, the FA seems to be more sen-
metallic copper was obtained after reduction, a likely explanasitive for detecting low percentages of some components. Thus,
tion for this difference is that some monovalent copper specieglthough the fitting detected metallic copper only after treat-
were present in the calcined catalyst. Although an alternativenent with propene at 773 K, FA indicated that about 15% of
explanation for this low hydrogen consumption could be thatCu(ll) and 5% of Cu(l) were still present in these conditions.
some Cu(ll) species were reduced after contact with hydrogemhese percentages obtained from FA can be alternatively used
at room temperature before the TPR run, this effect would alsto obtain more reliable values for the coordination numbers
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(CNs) of metallic copper phases as obtained from the fittingreferences

analysis of EXAFS spectra. Thus, after reducing treatment with

the hydrocarbon at 773 K, the corrected CN for this phdse (  [1] V.I. Parvulescu, P. Grange, B. Delmon, Catal. Today 46 (1998) 233.
ble 1) was 11.2 with propene (80% of metallic copper), 10.6 for [2] M.D. Amiridis, T.J. Zhang, R.J. Farrauto, Appl. Catal. B: Environ. 10
propane (50% of metal), and 8.5 for methane (27% of metal).  (1996) 203. ,

This last result also shows that the metallic copper was ag-") ﬁ'ggze;?’z?' Perathoner, Y. Shioya, M. Anpo, Res. Chem. Intermed. 17
glomerated since the start of the reduction process, rgachin% Vv Indovina., M. Occhiuzzi, D. Pietrogiacomi, S. Tuti, J. Phys. Chem.
CN values close to that of massive mdte3]. The reoxidation B 103 (1999) 9967.

treatment regenerated the oxidized dispersed phase, as shovis] S. Bennici, P. Carniti, A. Gervasini, Catal. Lett. 98 (2004) 187.
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