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The XPS technique in combination with microcalorimetry was used to picture the acid character of metal ion
loaded zeolite and silicaalumina samples. Co, Cu, and Ni ions were loaded on ZSM-5 ang-3iR0;

(about 1 mmol/g) by three different procedures: ion exchange, impregnation, and solid-state ion-exchange.

The samples prepared by ion exchange of the two matrixes presented high values ofibéPS fhands of
the metal ions, indicating the occurrence of charge transfer from the ions to the support matrix. This permitted

the stabilization of the metal phases as isolated ions rather than as oxide clusters. Microcalorimetric experiments
of ammonia adsorption were performed in order to determine the number, strength (i.e., adsorption enthalpy),
and strength distribution of the acid sites on the samples and on the relevant matrixes. The N 1s XPS lines

of ammonia adsorbed on the surfaces were decomposed into two component peaks, assigiestad Bro
(average value of BE, 402.2 eV) and Lewis (average value of BE, 400.4 eV) acid sites. The relative intensities
of the two peak components were measured for the quantitative determinatiorinsté&t@and Lewis acid
site concentrations. Coupling the information from adsorption calorimetry and XPS spectroscopy of N 1s
adsorbed lines, the absolute numbers ofrBted and Lewis acid sites on each sample were determined. The
two support matrixes were protonic acids (65 and 60% ohBted acid sites for ZSM-5 and Si©AI 05,
respectively), and the acidity of ZSM-5 was greater than that 0§-SKD,O3 considering both the number of

total acid sites and the acid strength. The presence of metal ions deposited on the two matrixes deeply changed

the respective proportions of Bisted and Lewis sites. A huge increase in the Lewis acid site population of
the ZSM-5-based samples (70, 85, and 90% of Lewis sites for the samples containing Co, Cu, and Ni,
respectively) and of the S Al,Os-based samples prepared by ion exchange (55, 60, and 70% of Lewis
sites for the samples containing Co, Cu, and Ni, respectively) was observed.

Introduction knowledge of the acid character of solids is not known. A
The surface acidity of catalytic solids, wherein'Bsted and/ combination of techniques can provide a comprehensive picture

or Lewis sites, determines their application in many hydrocar- ©f the solid acidity in terms of their nature (Brsted or Lewis

bon transformation reactions of remarkable importance for Sit€s), number, and ultimately their strength and strength
petrochemistry3 The acidic character of solids can be suc- distributionz7=33

cessfully studied by using approaches based on titration methods Adsorption microcalorimetry permits an accurate determina-
in solution with Hammett indicators and on gas-phase adsorption tion of the strength and strength distribution of surface acid sites
methods with series of chemisorbed electron donor moleculesbased on heat of adsorption of suitable probe molecules and
(ammonia and pyridine among othefsyarious physicochem-  the differential heat vs coverage cul®:37 However, micro-

ical technique5 % have been employed to study the acidity of calorimetry cannot generally distinguish betweefirgted and
catalytic solids, that is, the nature and number of acid sites. In Lewis acid sites. The analysis of XPS data of adsorbed nitrogen-
addition, acid strength and strength distribution are important containing base probe molecules on solid surface can provide
aspects for a complete knowledge of the acidity of solids. The the identification and the quantitative determination ofiied
most important and widespread used techniques are temperaturegngd |ewis site concentratiGi=4° Large shifts in the observed

programmed desorptiér® and infrared spectroscogy?%?®  pinding energy of the N 1s core-level line of adsorbed N-probe
However, an ideal technique able to furnish an exhaustive yolecules are used.
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oxidic materials, has been proven by various articles which have  Three different methods of preparation were used: ion-
appeared in the literature in the past dectde! Auroux®® exchange (E), incipient wetness impregnation (), and mechan-
recently focused on the usefulness of microcalorimetry for the ical mixing, that is, solid-state ion-exchange (M).
characterization of acid catalysts with relationship to reactivity.  Conventional exchange procedures (E) using dilute aqueous
As concerns XPS, more limited work has been done. Kaliagu- solutions of cobalt, copper, and nickel acetates (Flak89%
ine39:4056.57tjlized XPS for the study of the acid character of purity) were performed. The concentrations of the salt solutions
various zeolites. Recently, Johansson and Rigroposed high-  used were [C#] = 0.68 g L1, [Cu?"] = 0.49 g L%, and [NE']
resolution X-ray photoelectron spectroscopy (HR-XPS) as atool = 0.68 g L™t to prepare the samples designated as ECOSA,
for the characterization of acid catalysts; examples for sulfonic ECUSA, and ENISA, respectively, and [£€9 = 0.744 g L1,
polymeric resins, sulfate-doped zirconia, and various zeolites [Cu?"] = 0.557 g L%, and [N#*] = 0.748 g L1 to prepare the
were presented. samples designated as ECOZ, ECUZ, and ENIZ, respectively.
In this perspective, the present work explores the possible The slurries of salt precursor and the matrix were maintained
applicability of the XPS technique in combination with micro- under stirring for 20 h at 40C at a pH value of 89. After
calorimetry to picture the acidity feature of metal ion-loaded filtration and careful washing with distilled water, all the wet
zeolite and silica-alumina catalysts. It is well-knov#55that powders were dried at 100 for 2 h and eventually calcined
the acidity of zeolites is influenced by the Si/Al ratio, the at 550°C for 4 h.
synthesis method, the nature of cationic exchange, besides the The samples designated ICOSA, ICUSA, and INISA were
isomorphous substitution of the tetrahedral atoms and the prepared by impregnating the SA matrix at the imbibition point
additives incorporated. In parallel, the acidity of amorphous Wwith aqueous concentrations of cobalt, copper, and nickel
silica—aluminas is influenced by the alumina content, the acetates, respectively ([€d = 0.68 g L%, [Cu?'] = 0.49 g
synthesis method, and the additives incorporated. When crystal-L ™%, and [N#*] = 0.68 g L. First, the SA matrix was
line or amorphous silicaaluminas are loaded with different —outgassed and thermostated in an ice bath (¢&)2then the
metal ions, one expects, as a general trend, a decrease o$olution containing the salt precursor was slowly added,
Bronsted acidity and an increase of Lewis acidity (due to the maintaining the wet powder at about-8 kPa and 2C during
countercation presence) compared with the parent mate-the imbibition step. The powder was dried by raising the
rial.4546.5559The extent of the phenomenon can or cannot be temperature gently to 98C under vacuum (1 kPa) for 2 h. The
quantitative as a function of the amount of metal loaded. In step of imbibition was repeated twice in order to introduce the
addition, the acid strength of the modified solid can be higher Whole amount of salt precursor in the matrix. The dried powder
or lower than that of the parent acid depending on the Lewis was calcined at 550C for 4 h.
acid strength of the countercation and on the distribution of the = The samples designated MCOSA, MCUSA, and MNISA
different types of acid sites formed. In this way, a protonic acid were prepared by mechanical mixing, usually called solid-state
can be transformed in part or completely into a Lewis one, ion-exchange, of a dosed amount of SA (5 g) and cobalt, copper,
leading to important effects on its catalytic performart®s.  and nickel acetylacetonate, 1.70, 1.78, and 1.69 g, respectively
Metal-exchanged zeolites as well as other amorphous or (Strem=>98% purity). The solid mixture was homogenized in
crystalline structures have recently received great attention due@ Pall mill for 2 h, heated in argon atmosphere at 300for 2
to their activity and selectivity toward the decomposition and h, and eventually calcined at 53C for 4 h.
reduction with hydrocarbons (SCR process) of nitrogen oxides ~ The metal ion content for all the samples is presented in Table
(NO,), the hazardous air pollutants formed as byproducts during 1-
high-temperature combustion proces¥e§’ Cu—ZSM-5 and Physicochemical MeasurementsChemical analysis for the
related materiaf$~7% could provide a solution for SCR catalysts determination of Co, Cu, and Ni amounts was performed by
due to its good activity and selectivity in a highly oxidizing ICP (inductive coupled plasma, from Spectro) after dissolution
atmosphere, but problems of deactivation (hydrothermal or of the sample in aqua regia and HF, then a solution of HCI was
poisoning by S@) have to be overcome. The acid character of made.
these modified zeolites is not well-known, and questions arise  X-ray powder diffraction patterns (XRD) of the samples were
about the possible role of the various kinds of acid sites in the collected on a computer-controlled Philips diffractometer equipped
transformation of NQ with a nickel-filtered Cu K radiation ¢ = 1.54178 A).

A thorough study of the nature, number, strength, and strength ~ Surface areas were determined from conventionaldéorp-
distribution of the acid sites of metal-modified crystalline and tion isotherms using a 1900 Series Sorptomatic apparatus from
amorphous silicaaluminas (Co-, Cu-, and Ni-loaded ZSM-5  Fisons Instruments. The samples (0.1 g) were heated G50
and SiQ—Al,0; matrixes) coupling microcalorimetry and overnight under vacuum (ca. 20 h,”2@Pa) to remove moisture
photoelectron spectroscopy techniques is presented. The influ-before the analysis.
ence of the type of metal ion and of the method of preparation  Calorimetric and volumetric gassolid titrations of the acid
(ion exchange, impregnation, and solid-state ion-exchange) onsites of the samples were performed by usingXiir Liquide,
the acid character of the modified siliealuminas has been  purity >99.9%) as a probe. Before use, Nias first dried on
investigated. sodium wires and then purified by successive freghaw
pumping cycles. The sample (0.01 g) was put in a quartz
calorimetric cell and pretreated overnight (ca. 16 h) at 350
under vacuum (1& Pa).

Preparation of Samples.The amorphous and crystalline Heats of adsorption were measured in a Setaram differential
samples were prepared by deposition of Co, Cu, and Ni ions heat-flow microcalorimeter (Calvet C80) with an attached
on SiQ—AI,0O3 (SA) and ZSM-5 (Z) matrixes. SA with an  vacuum system for catalyst treatment and probe molecule
alumina content of 13.5 wt % from Akzo Chemie (code LA- dosing. A temperature of adsorption of 80 was chosen in
300-5P) and ZSM-5 with an AD; content of 2.9 wt % were  order to limit physisorption. Small successive Nitbses were
used in their B form. sequentially adsorbed onto the samples to a final ammonia

Experimental Section
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TABLE 1: Composition and Characteristics of the Samples for a better comparison between XPS and calorimetric data.
loading surface porosity Previous studies showed that the surface composition determined
sample area Vora by XPS was much closer to that of the bulk when using ground
p,To
code  Wt%) (mmolg) (Mgl Rya(A) (cmig samples? _ _

ECOSA 567 0.962 570 271 064 _ The N 1s bands were decomposed into two components (vide
ECUSA 8.02 1.262 285 43.7 0.62 Infra) with fwhm between 2.0 and 2.3 eV dependlng on the
ENISA 652 1.111 357 33.0 0.59 samples.

ICOSA 7.10 1.205 355 38.9 0.69

ICUSA  5.88 0.925 318 40.7 0.65 Results and Discussion

INISA 6.48 1.104 341 394 0.67

MCOSA  5.64 0.957 252 48.7 0.61 Characteristics of SamplesVarious series of samples were
MEIUSSAA 2-2139 11-8‘2? 3??97 g‘g-g 8-665 prepared with a loading amount of about 1 mmol/g of Co, Cu,
ECOZ 516 0876 500 20.2 0.32 and Ni cations (from acetate salts) on amorphous stliidamina
ECUZ 6.46 1.017 405 14.7 0.30 and crystalline ZSM-5 matrixes by three different methods of
ENIZ 5.84 0.995 413 16.6 0.37 preparation (Table 1). Conventional ion exchange (E), impreg-
SA? 365 431 0.79 nation at imbibition point (1), and solid-state ion-exchange (M)
zb 555 12.0 0.30 procedures were usé873All the catalysts prepared were tested

agA, AlLOs = 13.50 wt %.P Z, Al,O; = 2.90 wt %.¢ Determined in the NO decomposition to Nand Q, and the results have
by full BET equation. been presented elsewhéPevloreover, the catalysts containing

Cu, were thoroughly studied by NO adsorption in order to
pressure of about 133 Pa to titrate all the surface acid sites fromdetermine the copper site energy distribution as a function of
highest to lowest strength. The equilibrium pressure relevant the support matrix and of the preparation procedtre.
to each adsorbed amount was measured by means of a X-ray patterns of the three metal-loaded zeolites (ECOZ,
differential Barocel capacitance manometer. Furthermore, to ECUZ, and ENIZ) were typical of crystalline ZSM-5 and did
calculate the irreversibly chemisorbed amount (Virr), the sample not reveal any XRD lines related to oxide phases or to metal
was pumped at the adsorption temperature°@pat the end oxide clusters. This did not exclude the presence of small oxide
of the adsorption, and a second adsorption was then performecclusters of severals nanometers in size that do not show X-ray
at the same temperature. Virr was determined from the differ- diffraction. The metal-loaded siliesalumina samples presented
ence between the first and second isotherms. The volumetricXRD patterns typical of amorphous solids. However, XRD of
and calorimetric data were stored and analyzed by microcom- the samples prepared by solid-state ion exchange and impregna-
puter processing. tion procedures (MCOSA, MCUSA, and MNISA and ICOSA,

XPS analyses were carried out with a SSI model M-probe ICUSA, and INISA) presented some weak but distinct lines
spectrometer using focused (diameter of the irradiated area: 600attributable to separate oxide phases CoO, CuO, and NiO. The
um) monochromatic Al K radiation (10 kV, 12 mA). The XRD of the samples prepared by ion exchange (ECOSA,
residual pressure inside the analysis chamber was about 5 ECUSA, and ENISA) did not reveal any lines due to segregated
1078 Pa. The sample charging effects were minimized with a oxide cluster, indicating a good dispersion of the metal-
low-energy flood gun (5 eV). The spectra were recorded in the containing phase on the amorphous oxide matrix. Figure 1
constant pass energy mode (150 eV for the quantitative analysesgepicts the XRD patterns of the Ni-based samples, chosen as
50 eV for the high-resolution analyses). examples.

The XPS peaks were decomposed into subcomponents using In Table 1, the list of catalysts and relevant matrixes studied
a Gaussian (80%)Lorentzian (20%) curve fitting program with  with their principal characteristics is presented. For the series
a nonlinear backgroun@. The quantitative analyses were of zeolite catalysts prepared by ion-exchange (ECOZ, ECUZ,
performed with the sensitivity factors given by Scof@lttom and ENIZ), the metal loading was much greater than the
the intensities of M 2#2 (M = Co, Cu, Ni), Si 2s, and Al 2s  exchange capacity of the parent ZSM25The ratio between
(the Cu 3p and Ni 3p peaks partly overlap the Al 2p peak and the total charges introduced, calculated from the amounts of
it is the same for Co 3p and Si 2p). The transmissiorof the loaded metal ion, and the Al moles of the zeolite structure (2
spectrometer and the electron mean free pativere given by MZ2+/Al) indicates an excess of charge. The tw'¥Al ratios
the following relation: AT = E%7, whereEy is the kinetic energy exceed 1 for all the three zeolite catalysts (3.24, 3.82, and 3.72
of the photoelectrons. The calibration of the spectra was for ECOZ, ECUZ, and ENIZ, respectively).
performed with the Si 2p line from the siliealumina (103.2 The zeolite catalysts maintained microporous properties, in
eV) and ZSM-5 support (103.3 eV). These references, in particular ECUZ, as revealed by the high value of pore volume
agreement with the literature data, were verified in the pure and the low value of average pore radius, calculated by the
supports and were consistent with the C 1s peak of adventitiousclassical Gurvitsh rule (Table 1). The textural properties of the
carbon at a binding energy (BE) of 284.8 eV. With these three zeolite catalysts in comparison with the properties of the
references, the other BE are measured for silmamina at ZSM-5 matrix have been recently presented in the literafure.
154.2+ 0.1 (Si 2s), 75.G 0.1 (Al 2p), and 119.6t 0.1 eV Concerning the amorphous catalysts, they displayed all meso-
(Al 2s) and for zeolite at 154.2 0.1 (Si 2s), 74.7 0.1 (Al porous character and the average pore radius was in all cases
2p), and 119.2- 0.1 eV (Al 2s). Full width at half-maximum  about 42 A. The textural properties of the siliealumina were
(fwhm) of Si 2p and Al 2p peaks are about 2 and 2.2 eV, not remarkably affected by the deposition of the metal ions,
respectively. whatever the method of deposition. The samples containing Ni

After NHz exposure, all the samples were taken off from the (ENISA, INISA, and MNISA) presented in any case high values
calorimetric cell and investigated by XPS spectroscopy. As of surface area that were close to that of the respective parent
zeolites present often a surface composition different from that matrix. The samples containing Co and Cu had lower surfaces
of the bulk (dealumination, migration of cations, etc.), the XPS when prepared by ion exchange and solid-state ion exchange
spectra of the zeolite samples were collected on ground samplefECOSA and ECUSA and MCOSA and MCUSA), whereas
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Figure 1. XRD patterns of the samples containing Ni differently
prepared: by ion-exchange, ENISA, by impregnation, INISA, and by
mixing (solid-state ion exchange), MNISA on siliealumina and by
ion-exchange, ENIZ, on ZSM.5.

higher values were found in the case of the catalysts prepared

by impregnation (ICOSA and ICUSA). ‘ ‘ : , :
The chemical state of the metal ions deposited on the 792 788.6 785.2 7818 778.4 775

amorphous and crystalline matrixes by the three preparation BE (eV)

methods (E, I, and M) was determined by measuring the BE of Figure 2. Experimental and decomposed C#2iXP spectra on the

Co 2p2, Cu 2p2, and Ni 22 associated with the electron  samples prepared by ion-exchange procedure (ECOSA), wetness

ejection from the 2§2 atomic orbital of the metal ions (Figures ~ impregnation (ICOSA), and mechanical mixing (solid-state ion ex-

2—4). The XP spectra of the studied samples have beenchange) (MCOSA), compared with that of CoO oxide.

compared with the spectra of CoO,Qy CuO, and NiO oxides.

In contrast to Co and Ni samples, the Cu samples underwention—matrix interaction reflects a good surface concentration of

photoreduction during data collection by the X-ray flux, causing the metal phases, stabilized as isolated ions rather than as oxide

the intensity of the peaks due to Cu32wf Cu(ll) to decrease  clusters.

and that of Cu(l) to increase with the time of exposure to X-rays.  The samples prepared by impregnation (I) and solid-state ion-

This phenomenon was minimized and could be considered asexchange (M) presented a pronounced heterogeneous character

negligible in our case where the recording time for this peak due to the presence of the metal phase in different oxidation

was always very short (less than 4 min). The bands correspond-states (in the case of Cu-based samples) and in different

ing to the bivalent oxidation state, M(ll), are rather complex enyironmental situations (in the case of Co and Ni samples).

because they present several satellites (shake-up due to electrorkp gpectra of ICUSA and MCUSA displayed large bands at

transfer ligand-metal and multiplet splitting). The main peaks | BE (930-935 eV), which could be decomposed into two

of CoO, CuO, and NiQ oxides were found at 779.5, 934, and omponents, one corresponding to Cu(ll) ions in interaction with
853.2 eV, respectively; these values are very close 10 those ing,q gyide matrix and the other to Cu(l) ions. The concentration

the literature’® The spectra of Cu(l) and GO, like that of Cu- of the reduced Cu ions, which are known to be stable in an air

I(:Q)’ do not show any S"’!te”"es (CupBE = 93.2'2 eV). In atmosphere, was estimated to be not higher thar320%. Co-
lgures 2—4,_the theoretical comp(_)nents ?‘Ssoc'a‘ed W't.h CQO' and Ni-based samples presented complex XP spectra, indicating
Cw0, and NiO have been colored in gray in order to distinguish : - .

. . . _the presence of both isolated metal ions (higher BE) and separate
them from the components associated with other metal SPeCies . Jas (lower BE). In the case of Ni-based samples, about 40%
present in the studied samples. = : . Pies, ?

The XP spectra of the Co, Cu, and Ni samples prepared by of Ni ions were present as separate oxide.

ion exchange (E) on the amorphous as well as on the crystalline  The dispersion of the metal ions M(Il) can be correlated with
support showed an unique oxidation state of the metal ions, the ratio ) of the surface concentrations evaluated by X&S,
M(Il). The 2p*2 bands of the metal ions are shifted toward high = M(II)/(Al + Si). Table 2 lists the experimental valuescof
binding energies with respect to the values typical of the relevant compared with the ratios calculated from the catalyst composi-
bulk oxides (Table 2). The shift is indicative of a charge transfer tion as determined by chemical analysis. These latter are in any
from the metal ions toward the support matrix, that is, a strong case lower than the values, as most of the ions are present on
interaction between the metal ions and the matrix. The metal the surface.
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Figure 4. Experimental and decomposed Ni*2pXP spectra on the
samples prepared by ion-exchange procedure (ENISA), wetness

impregnation (INISA), and mechanical mixing (solid-state ion-ex-
change) (MNISA), compared with that of NiO oxide.
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‘ was consistent with a poor surface concentration of the metal
948 944 940 936 932 928 phase and with a poor intimate contact between the metal ions

B.E.(eV) and the matrix. In fact, peaks similar to bulk CoO, NiO, and

Figure 3. Experimental and decomposed CW#2XP spectra on the CLeO appgared, as.descrlbed abovg. .
samples prepared by ion-exchange procedure (ECUSA), wetness Adsorption Calorimetry. Ammonia, as a basic probe to
impregnation (ICUSA), and mechanical mixing (solid-state ion ex- titrate the surface sites of acid catalysts, has been widely
change) (MCUSA), compared with that of CuO and;Cwxides. used®978The molecular structures of Ntdsorbed on surface
acid sites are well-knowft:79-80H-bonding to a surface oxygen
The catalysts prepared by ion exchange (E) on an amorphousatom, proton transfer from a surface hydroxyl to the JNH
as well as on a crystalline matrix had high surface concentrationsadsorbate, coordination to an electron-deficient metal atom.
of the metal ions, witha. values ranging in the 0.160.18 Therefore, NH proved to be a reliable probe when both
interval for the Cu-containing samples, 02327 for Co Bronsted and Lewis acid sites were investigated.
samples, and 0.270.40 for Ni samples. Taking into account The differential heats of Nfladsorption as a function of
the exponential decay law of the XPS signal as well as the meancoverage on ZSM-5 and SA surfaces are shown in Figure 5.
free path of the photoelectrons in oxide matefia(érom 1.4 The heats of adsorption of NHbn the ZSM-5 lay considerably
to 2 nm as a function of the kinetic energy), the experimental above those of the silicaalumina, both in the initial region of
values of oo corresponded approximately to a monolayer coverage and up to adsorption values near reversible adsorption
deposition of the metal phase. The values of the metal ion (NH3 physisorption), indicating a superior acid character of
concentration for the samples with a zeolite matrix could be ZSM-5 with respect to Si@-Al,0s. This result was expected
underestimated as the ions are also present in the channels andn the basis of the knowledge of the literature on the subBfect.
pores of ZSM-5 where they could be hardly detected by the For ZSM-5, there was an indication for some strong sites
spectroscopic analysis. evidenced by initially high differential heats, above 150 kJ/mol,
Very low values ofa were found for the samples prepared which could be associated with nonframework aluminum
by impregnation (I) and solid-state ion exchange (M). The species. Then, upon increasing Ntbverage, ZSM-5 showed
presence of metal oxide aggregates on the surface could beBronsted acid sites of varying strength as shown by the
invoked in this case. Moreover, the feature of th&2¢P bands continuous decrease of the differential heat curve. The dif-




7200 J. Phys. Chem. B, Vol. 103, No. 34, 1999 Auroux et al.
TABLE 2: Binding Energies (BE) (in eV) of Co 2p*2 Cu 2p¥2 and Ni 2p*?2 on the Studied Samples
preparation
metal species E(M)Z E(M)SA I((M)SA M(M)SA
Co(ll) 781.1 (100%) 781.0 (100%) 781.3 (70%) 781.4 (85%)
CoO 779.4 (30%) 779.6 (15%)
o = Co/(SHAI)P 0.23 (0.06) 0.27 (0.06) 0.09 (0.08) 0.06 (0.06)
cu(ll 934.6 (1009%6) 935.2 (1009%4) 934.9 (80%) 935.1 (70%)
cu(l) 932.8 (20%) 932.8 (30%)
a = Cu/(SHAI)P 0.18 (0.07) 0.16 (0.08) 0.06 (0.06) 0.05 (0.06)
Ni(I1) 855.9 (100%} 856.0 (10096) 856.4 (60%) 856.7 (55%)
NiO 853.6 (40%) 853.9 (45%)
a = Ni/(Si+Al)® 0.40 (0.06) 0.27 (0.07) 0.07 (0.07) 0.04 (0.07)

a2 Percent of relative amount of the metal species evaluated by X®@&face concentration of the metal species evaluated by XB&centration
of the metal species calculated from chemical analysis.

200 < ENISA < ECOSA< ECUSA, and the amounts of weak acid
sites, between 50 and 100 kJ/m@l followed the same
sequence.

The samples prepared by the wetness impregnation method
(I) showed a completely different feature, as can be seen in
Figure 6. In this case, strong acid sites (above 125 kdgmjol
were created by the addition of the metal ions. The sample with
Ni ions showed the highest increase of the number of acid sites
with enthalpy between 125 and 150 kJ/mg!(49 umolyn,/9).
Significant strong sites > 150 kJ/moln,) were created on
the ICUSA sample (5@molyn,/g) compared to those generated
by the deposition of Co and Niions (ICOSA and INISA samples
with 22 and 24umolyn,/g, respectively).

Concerning the samples prepared by solid-state ion exchange
(M), the results of microcalorimetric measurements of the
differential heat of NH showed that the acid features of the
metal ion containing samples were not remarkably different from

ferential heat curve as a function of Nioverage for SA ~ those of the SA support. MCUSA and MCOSA samples
showed a small plateau around 125 kJ/mol followed by a drastic contained about 132 and 148noln/g of acid sites, respec-
decrease to heats around 50 kd/mol. The total number of sitestiVely, of acid strength greater than 100 kJ/mel while the
was larger for ZSM-5 compared to SA, as expected from the amount _of such sites for the MNISA remamed close to that of
peculiar structure of the zeolite which possesses much internalSA matrix (85 and 9%molnw /g, respectively).
acidity. For the zeolitic samples prepared by ion-exchange (ECOZ,
Figure 6 shows the site strength distribution obtained from ECUZ, and ENIZ), the most significant difference compared
the differential heat curve of adsorption as a function ofs;NH With the acidity of the ZSM-5 matrix was the remarkable
coverage for the various metal ion-loaded samples in comparisonincrease of the amount of acid sites which adsorbed With
with the relevant support (SA or Z), grouped by the preparation enthalpies between 125 and 150 kJ/maglobserved for the
methods. The number of acid sites (nondissociative chemisorp-samples containing Cu and Ni ions (306 and 2860l,/g,
tion of NHs with 1:1 stoichiometry was assumed) of given respectively, compared to 1Q8noly.,/g of ZSM-5) (Figure

entha|py Q, kJ/mO}\IHg): that is acid S'[reng'[hl is presented within 6) The total number of acid sites with enthalpies lower than
four intervals: Q > 150; 150> Q > 125; 125> Q > 100; 125 kJ/moln, remained close to that of the ZSM-5 matrix for

100> Q > 50. all of the metal ion samples.

Most of the sites of the SA matrix had acid strengths in the ~ Figure 7 is aimed at showing the influence of the preparation
range 56-125 kJ/mol, (153 and 85molyx,/g for the enthalpy method on the formation of acidity, by comparing the curves
interval 50-100 and 106-125 kJ/maly,, respectively). Several ~ of differential heat of NH adsorption versus coverage for a
acid sites with high enthalpyQ > 125 kJ/moly,) were also given metal ion. It can be seen that, in any case, the samples
present (96:molyk,/g). based on ZSM-5 are always much more acidic than those based

As can be seen from Figure 6, the deposition of metal ions on silica—alumina. Therefore, the comparison among different
on SA by the ion exchange procedure (E) deeply modified the preparation methods is valuable only for the SA samples.
acidity feature of the matrix in terms of number and strength  For the differently prepared samples containing Co (ECOSA,
of acid sites. The sample with nickel ions showed the highest ICOSA, and MCOSA), it can be seen (Figure 7) that the ion
number of strong sites with adsorption enthalpy between 125 exchange method (ECOSA) led to a significant increase of the
and 150 kJ/m@jy, (123 umolnns/g). The sample with cobalt  number and strength of the acid sites, despite that the amount
ions presented a few strong sites above 150 kJ/maki26iyn,/ of Co ions introduced is not the highest in this sample compared
g). The sample with Cu ions had the most homogeneous with the other samples containing Co. The acidities of ICOSA
character with respect to its acid sites, only sites with enthalpiesand MCOSA were very similar both in terms of number and
in the range 56-125 were evidenced (247 and 13Molyn,/g strength of acid sites. The two curves of differential heat of
for the interval 56-100 and 106-125 kJ/mol,, respectively). NH3 adsorption were impossible to distinguish starting from
As for the amount of acid sites with adsorption enthalpy between 100 kJ/mol,; for higher values of enthalpy changes, ICOSA
100 and 125 kJ/mgk,, the obtained trend was in the order SA  presented some sites with very high acid strength.

160

1001

Q(kI/mol)

50t

0 200 400 600 800 1000
Ammonia uptake (umol/g)

Figure 5. Differential heat of adsorption of Nd-bver silica—alumina,
SA, and ZSM-5, Z, supports.
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Figure 6. Distribution of acid sites derived from different differential heats of Nitdsorption over samples prepared by ion-exchange on-silica
alumina, E(M)SA, and on zeolite, E(M)Z, wetness impregnation, I((M)SA, and mechanical mixing (solid-state ion-exchange) M(M)SA.

Concerning the three SA-based samples containing Cua second one is repeated after evacuating between the two
(ECUSA, ICUSA, MCUSA), the differential heat curves of jlH  adsorptions. The amount of adsorbate “irreversibly” adsorbed
adsorption (Figure 7) presented about the same number of acidVirr), that is, chemisorbed, can then be obtained (Table 4).
sites which adsorbed NHwvith heats higher than 100 kJ/mol, Virr is closely related with the acid sites having sufficient
but the strength of the acid sites was significantly different strength to play a decisive role in most catalytic processes. As
between the three samples. The initial heats of ésorption a general trend, the samples prepared by ion exchange displayed
were in the order 160, 140, and 120 kJ/mol for ICUSA, the highest number of Virr, in accordance with the highest
MCUSA, and ECUSA, respectively. In the domain of weak surface concentration of metal ions. When comparing the values
sites, the plots of differential heat curves for ICUSA and of Virr of the Cu samples at a given equilibrium pressure (27
MCUSA were similar but ECUSA showed a larger amount of Pa), the following order was found: ICUSA (184n0lyn,/g)
sites in the 568-80 kJ/mol, interval than the two other samples. < MCUSA (222umolyn,/g) < ECUSA (275umolnn,/g). For
The total number of acid sites of the three Cu samples was verythe Ni samples, the order became MNISA (1880lnn,/g) <
close, but the acid strength distribution was significantly INISA (188 umolyn,/g) < ENISA (288umolyn,/g). The three
different. Figure 8 shows a better visualization of the acid site Co samples had about the same value of Virr (203, 205, and
energy distribution of the Cu-containing samples prepared on 208umolyu,/g for ICOSA, ECOSA, and MCOSA, respectively).
SA compared with the support matrix. The acidity spectrd (d  For the ZSM-5-based catalysts, ECUZ and ENIZ showed similar
dQ vs Q) were obtained by computing the derivative of the total numbers of acid sites (956 and 98#0l\n,/g, respectively)
previous curves of differential heats of NEdsorption. ECUSA but the number of sites able to chemisorb NMirr) was more
had an acidity feature very close to that of SA, while the two important for ECUZ (691umolyn,/g) than for ENIZ (587
samples prepared by impregnation and solid-state ion-exchange:molyu./9).

(ICUSA and MCUSA, respectively) presented some sites with ~ XPS of NHz-Saturated Samples.The N 1s XP spectra of
higher acid strength than SA. These sites are probably associatedhemisorbed Nklon the SA and ZSM-5 matrixes and on the
with isolated Cu ions in coordinatively unsaturated positions samples loaded with Co, Cu, and Ni metal ions made it possible
(cus cations). to distinguish Brfasted and Lewis acid sites and to evaluate

The differential heats of NEadsorption versus coverage on their concentrations. This has been already proved with pyri-
the Ni-loaded samples, depicted in Figure 7, showed a strength-ding®0-39.56.81.8%35 well as with ammon?&23adsorption. As the
ening of the acid character of the three samples compared withbinding energy of any atom is influenced by its close environ-
the SA support (Figure 5). The number of strong sites with ment, when NHis adsorbed on a Brsted acid site, the nitrogen
adsorption enthalpy above 100 kJ/m@l was found in the atom exhibits reduced electron density and it becomes sur-
order: MNISA (85umolnn/g) < INISA (117 umolnny/g) < rounded by four hydrogen atoms (NH. A different behavior
ENISA (231 umolny,/g). occurs when NHhlis adsorbed on a Lewis acid site; the nitrogen

A means for deciding the extent of chemisorption within a atom becomes now surrounded by three hydrogen atoms plus a
global adsorption is to measure the part referred to physical metal ion (in the present case, Al, Co, Cu, or Ni). The chemical
adsorption by a dual adsorption method. After a first adsorption, shift associated with the N 1s orbital would not be the same in
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Figure 7. Differential heat of adsorption of Nd-over Co-, Cu-, and TABLE 3: N 1s Binding Energies (BE) of the Ammonia-
Ni-based samples on silie@lumina, SA, and ZSM-5, Z, supports. Saturated Samples and Related Proportions of Btosted (B)
and Lewis (L) Acid Sites

the two cases. Previous studie®have shown that, when NH
is used as a basic probe to titrate the acid surface of catalysts,
the N 1s binding energy turns toward values higher than 402
eV for adsorption on a Bisted site, but toward values lower

than 401 eV for adsorption on a Lewis acid site. All the ECOZ 401.8 30 399.9 70 0.43

Bronsted site Lewis site

BE N 1s relative BE N 1s relative
sample (eV) intensity (%) (eV) intensity (%) B/2

experimental N 1s XPS peaks were found to be broad and ECOSA  402.1 45 400.5 55 0.82
nonsymmetric, strongly suggesting that the N 1s peaks were :\SI:gOSQA igg'i ig igg'g gg (l)'gg
composite peaks that had to be decomposed. The broadeningecyz 402.2 15 400.3 85 0.18
of the N 1s peaks can be attributed to a distribution of acidity ECUSA  401.8 40 400.3 60 0.67
over a large range of acid strengths and to an adsorption onICUSA 402.1 60 400.2 40 1.50

The N 1s XPS profiles have been decomposed into two E“%A jgg'; %8 igg'i 38 g'}é
components with binding energies at 40&:40.5 and 402.25 INISA 4023 50 400.6 50 1.00
+ 0.45 eV. The significant differences in the spectra were the MNISA  402.2 60 400.4 40 1.50
relative intensities of the two components. Figuresl2 show z 402.3 65 400.5 35 1.86
the N 1s XPS experimental profiles of Niddsorbed on ZSM-5  SA 402.4 60 400.9 40 1.50

and SA supports and on Co-, Cu-, and Ni-containing samples  a Relative concentration of Brsted and Lewis acid sites estimated
prepared by the three procedures on the two supports. In thefrom the relative intensities of N 1s XPS bands.

case of ZSM-5 zeolites, Borade efldentifies three different

types of acid sites (Lewis, weak and strong Bsted sites) by XPS bands into three components. The width of our experi-
chemisorption of pyridine. Indeed, they decomposed the N 1s mental N 1s bands for ammonia chemisorbed allowed only a
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TABLE 4: Evaluation of the Number of Bré'nsted and
Lewis Acid Sites from Microcalorimetric and XPS Results of ECOSA
NH3 Adsorption

total acid sites (Vir)  Bronsted site  Lewis site

sample (umolnny/g) (umolnn,/9) («molnny/g)

ECOz 452 136 316

ECOSA 205 92 113

ICOSA 203 101.5 101.5

MCOSA 208 94 114

ECUZ 691 104 587

ECUSA 275 110 165

ICUSA 184 110 74 ICOSA T
MCUSA 222 111 111 /‘ S
ENIZ 587 59 528 LY
ENISA 288 86 202

INISA 188 94 94

MNISA 130 78 52

z 420 273 147

SA 143 86 57

a Evaluated by microcalorimetric experiments of NBdsorption
from the difference between the primary and secondary adsorption (data M
determined at 27 Pa of Ntpressure coverage). COSA

w\[\ ,\YI\'A\H \/‘

mr A

406 : 404 | 402 v 400 ‘ 398 396
B.E.(eV)
: i - — Figure 10. Experimental and decomposed N 1s XP spectra of
406 404 402 400 398 396 chemisorbed NEon Co-based samples on siliealumina, SA, and
ZSM-5, Z, supports.
B.E.(eV)
Figure 9. Experimental and decomposed N 1s XP spectra of with the support. The changing in the acid feature of the metal
chemisorbed Nklon ZSM-5, Z, and silicaalumina, SA (NH exposure, ion containing samples was particularly remarkable for the ZSM-
133 Pa at 80C). 5-based catalysts (ECOZ, ECUZ, and ENIZ); the Lewis acid

site population was between 70 and 90% with &ri3ted to

decomposition into two components as found in the case of HY [ ewis site ratio between 43 and 0.11. This behavior indicates
zeolites¥*33 This apparent discrepancy could be coming from  the presence of acid metal centers with deficient charge density
the nature of the basic probe molecule. Therefore, the N 1s que to an electron transfer toward the support. Moreover, it is
binding energy could be less sensible to the strength Giisienl expected that the deposition of metal ions on both supports led
acid sites in the case of ammonia than in the case of pyridine. to a decrease in the proportion of Biied to Lewis acid sites

As expected, silicaalumina and ZSM-5 had characteristics as well as in the number of Bnsted sites being engaged in the
of protonic acids, with high amounts of Brsted sites (60 and  anchorage of the metal ions.
65%, respectively). The ratios of the amounts of i&t@d and Once the total number of acid sites, from adsorption micro-
Lewis ratios were 1.86 and 1.50 for Z and SA, respectively calorimetry, and the concentration of the different acid types
(Table 3 and Figure 9). The Lewis acid sites could correspond (i.e., Brinsted and Lewis), from XPS, are known, it should be
to Al atoms in an octahedral environment (extraframework Al) possible to determine the absolute number ofrBted and
as well as to trivalent Al atoms (crystal defects). Lewis sites on each sample. Table 4 has been compiled in an

The presence of metal ions deposited on the two matrixes attempt at evaluating the amount of 'Beted and Lewis acid
very deeply changed the proportions betweerinBted and sites expressed mmolny,/g and assuming a 1:1 stoichiometry
Lewis sites, the latter being in large majority (Table 3). The for NHzadsorbed on surface acid sites. For the evaluation, Virr,
Bronsted to Lewis site ratio was less than 1, except for ICUSA which represents the amount of MNHhemisorbed at low
and MNISA samples on which the proportion between acid sites equilibrium pressure (27 Pa), was considered. Virr can be
was not changed compared with the SA support. The increaseassociated with the number of acid sites which strongly retained
of the Lewis site population is related with the surface NHg, that is, sites with high acid strength. Moreover, the N 1s
concentration of the metal ions, which have strong interaction XPS peaks were related with Nifetained on strong acid sites,
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Figure 11. Experimental and decomposed N 1s XP spectra of Figure 12. Experimental and decomposed N 1s XP spectra of
chemisorbed Nklon Cu-based samples on siliealumina, SA, and chemisorbed Nbklon Ni-based samples on siliealumina, SA, and
ZSM-5, Z, supports. ZSM-5, Z, supports.

since the physisorbed NHwas pumped off before XPS . . )
investigation. alumina samples (Co, Cu, and Ni on ZSM-5 and Si@l,03)

A clear increase of the acid character of the samples was Vas carried out using ammonia adsorption microcalorimetry and
observed following the deposition of the metal ions on both N 1s XP spectroscopy of ammonia adsorbgd on the su_rfaces.
SA and Z (Table 4). The samples prepared on ZSM-5 (ECOZ The XPS results demonstrated that ammonia was chemisorbed
ECUZ, and ENIZ) had the highest amount of Lewis acid sites. N W0 main different states, namely on Lewis sites anchBted
Among the samples prepared on $i\l,Os, the preparation  Sites corres.pondlng to a BE of, on the average, 400.4 gnd 402.2
by ion-exchange (E) led to the highest number of Lewis sites, €V, respectively. The coupled approach of XPS and microcalo-
a behavior which was observed for Co-, Cu-, and Ni-containing fimetry has permitted the determination of the absolute number
samples. As regards the Brsted acid sites, the samples of Bronsted and Lewis acid sites on the various samples.
prepared on SA had, on the average, the same number of sites 14 o support matrixes, which are prevalently protonic

?hs the ?n;o_rphous mlatrlx. 'I('jhefnz:ure Offtr;ﬁ'&sm: S|tets_ of acids, were changed into Lewis acid types by the deposition of
1€ metal 1on samples and ot those ot the matnx aré yne metal ions. In the case of the samples prepared by the ion
different, the first ones being associated with metal hydroxyls
X . exchange procedure, homogeneous surfaces have been observed,
(Co, Cu, and Ni metal hydroxyls) and the others with the . . . . N
on which the metal ions were present in a unique oxidation

hydroxyls of the Al and/or Si of the matrix. On the other hand, ) . .

the samples prepared on ZSM-5 presented about half the numbe?ta_‘te as isolated ions rather than as (.)dee clusters.. The.ob.served

of Bronsted sites possessed by the ZSM-5 matrix. shift qf the _26/2 bands of the metal ions tt_)ward high blnd!ng

energies with respect to the values typical for bulk oxides

indicated an active charge transfer from the metal ions to the

support. The electron-deficient ions acted as Lewis acid sites.
A detailed characterization of the acid sites of differently Besides well-dispersed metal ions, oxide clusters were formed

prepared metal ion modified amorphous and crystalline silica by the impregnation and solid-state ion exchange procedures.

Conclusions
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