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Abstract 

As a part of an experimental program aimed at the systematic analysis of the controlled 
deposition of Pd/SiO, on well characterized macroporous and microporous silica gels 
(Davison G-59, 254 m2 g-’ and G-03, 558 m2 g-‘) the nature of the surface species upon 
drying and thermal decomposition of the tetrammin epalladium complex (TPSiO) obtained by 
ion exchange (IE) of palladium acetate in aqueous ammonium hydroxide (Pd loading: 
0.5-ll%Pd w/w), has been systematically followed by the combined use of diffuse reflec- 
tance spectroscopy (DRS), differential scanning calorimetry (DSC), thermogravimetric analy- 
sis (TG), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). 

DRS indicates that drying in air (T = 393 K) leaves a stable diamminepalladium complex 
(DPBO) on the surfaces. 

Decomposition of DPSiO upon calcination in inert and oxidizing atmospheres was studied 
from 308 to 773 K, with heating rates of 4-64 K min-’ (N,) and 2-32 K mir-’ (air). 

Two decomposition zones are identified with DSC and TG. (1) In the low-temperature 
region (308-473 K) endothermal signals which correspond to a liberation of NH, around 359 
K (G-59) or 371 K (G-03) were observed; (2) the high-temperature region (473-773 K) only 
shows endothermal peaks when N, is used, but in air several signals indicate that a sequence 
of transformations of the Pd occurs. 

Ultradispersed Pd” is the final product on both catalyst types when N, is the decompos- 
ing atmosphere, whereas either a mixture of Pd” +[(SiO),12- Pd’+ (on the microporous 
G-03) or pure [(SiO),12- Pd2+ (on the macroporous G-59) are the final products when air is 
employed. 

INTRODUCTION 

The rational preparation of a supported metal catalyst calls for an 
in-depth knowledge, via systematic studies, of each of the variables that may 
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play a role during such preparation process. This process starts with the 
impregnation/sorption of a certain precursor, usually a salt or complex of 
the metal cation, through incipient wetness or ion exchange methods, and 
ends with a final reduction stage aimed at obtaining metal crystahites of the 
desired size, stability and/or dispersion. The procedure, though, normally 
includes intermediate operations such as washing, drying and calcination 
whose process conditions are relevant for the attainment of a given catalytic 
performance [1,2]. 

Despite these observations, relatively few works have as yet been pub- 
lished regarding to the systematic analysis of the preparation steps of 
Pd/SiO,, a widely used catalytic material. In a previous paper [3] we 
reported that it is possible to use ion exchange (IE) methods to obtain 
precursors of Pd metal catalysts, supported on commercial gels of silica 
having widely different structures, in a controlled fashion. Halide free 
amminepalladium complexes prepared from palladium acetate in aqueous 
alkaline solutions were employed, with Pd loadings in the OS-118 w/w 
range. The ion exchange and washing stages were followed in detail, and it 
was shown that the [Pd(NH3)J2’ complex adsorbs on these gels of silica at 
pH 11 without any exchange of NH, ligands, but that NH, and H,O are 
exchanged whenever washings are made with distilled deionized water (pH 
6.5). 

This work reports on the influence of the drying and thermal decomposi- 
tion conditions on these ion exchanged, washed systems. Drying operating 
conditions, calcination under inert and oxidizing atmospheres as well as 
thermal histories of catalytic precursors onto these solids are thoroughly 
examined. 

Drying conditions of adsorbed metal complexes have usually been ignored 
in the interpretation of experimental results. However, Gubitosa et al. [4] 
postulated that the IE of [Pd(NH3)J2 on silica, after drying their samples 
at 393 K, gives cis-(-SiO),Pd(NH,), on the support surface. A similar 
structure of the surface complex had been proposed for the IE of Cu2+ in 
basic media [5,6], but Amara et al. [7] reported instead the presence of the 

PW-W,U-W,12+ surface complex after drying [Cu(NH,),J2’ ion ex- 
changed samples at 353 K. 

Likewise, scant attention has been paid to the thermal decomposition 
conditions of the supported metal catalyst precursors, with the notable 
exception of zeolitic systems. Thus, Spector et al. [8] observed the formation 
of metal particles of poor dispersion and a broad size distribution in an HY 
faujasite exchanged with Pd’+, during the thermal treatment in vacua of a 
sample which had been previously exposed to water vapor, whereas the 
decomposition of [Pt(NH3)J2’ ion exchanged on a Y zeolite gave rise to 
products with very different metal dispersions when the complex was 
exposed to either oxidizing or reducing conditions while its decomposition 
was made [9]. 
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Reagan et al. [lo] have correlated the results of the thermal decomposition 
under different atmospheres of amminepalladium complexes ion exchanged 
on Y zeolites with the final dispersion of the metal crystallites and the 
catalytic properties of these materials. They have shown that when the 
departing metal complex is [Pd(NH3)J2’ thermal decomposition under air 
leads (mostly) to surface Pd*+, but that under helium or nitrogen streams 
Pd” are obtained instead. Homeyer and Sachtler [l&12], by contrast, paid 
closer attention to the relationship between the calcination temperature in 
air and the final size of the Pd crystallites, also using [Pd(NH3)J2’ ion 
exchanged on Nay. They found that the highest dispersions were attained 
whenever Pd*+ ions were kept in the zeolite supercavities and the diammine 
to tetrammine ratio was maximized during the calcination process. 

Summarizing, the marked influence of the thermal decomposition and/or 
calcination conditions on the reproducibility of the final dispersion of the 
metal crystallites on zeolitic supports is by now widely acknowledged. It is 
then to be hoped that the same degree of knowledge is of value in the case of 
other supported systems, such as the Pd/SiO, catalysts hereby examined. 

EXPERIMENTAL 

Materials 

Catalyst samples were obtained via IE of [Pd(NH3)J2’, prepared from 
99.5% w/w palladium acetate purchased from Engelhard, on two commer- 
cial gels of silica (Davison, G-59 and G-03) in aqueous alkaline solution, at 
pH 11 and 298 K, with a maximum Pd loading of 11% w/w. 

The supports were previously crushed and sieved through an 80-mesh 
Tyler screen, purified, calcined at 773 K, and then characterized by XRD, 
IR, sorptometry and porosimetry. G-59 is a macroporous solid whereas 
G-03 presents a microporous structure: Their BET (N,) surface areas are 
254 and 558 m* g-‘, and their characteristic modal radii are 83 and 16 A, 
respectively. 

A detailed description of the methodology and experimental conditions 
used for the IE is given elsewhere [3]. 

Gas chromatography grade air and UHP nitrogen (99.9995%, Scott) were 
used. 

Drying 

Diffuse reflectance spectroscopy (DRS) was employed for the identifica- 
tion of the resulting amminepalladium complexes on the catalyst surfaces 
after the completion of several different drying procedures. Palladium load- 
ings of about 2SPd w/w (2.50 and 2.02%Pd w/w on G-59 and G-03, 
respectively) were found to be satisfactory to yield good signals. Samples 
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were coded indicating Pd nominal loading, support type and pH of washing 
(either 6.5 or 11 [3]). Th us, for instance, 2G-03/11 indicates a catalyst 
sample with 2%Pd w/w loading on G-03, washed at pH 11. 

Pellets of 2.5 cm diameter and 0.3 cm thickness were obtained by pressing 
the wet cakes of the ion exchanged, washed solids at 20 kg cmp2. Spectra 
were taken after each of the drying treatments at room temperature (RT), 
exposing the pellets to atmospheric conditions, with a UV-VIS-NIR Varian 
(Cary 17-D) spectrometer furnished with an integrating sphere covered with 
barium sulfate. Blank spectra from G-59 and G-03 were also taken to 
properly normalize data. 

The samples of the 26-59 catalyst were dried as follows: (A) in air (313 
K) during 24, 48 and 72 h, or (B) under vacuum (20 kPa, 313 K). After 
either of these procedures was completed, a subsequent drying treatment, 
(C), was made with each of the pellets previously subjected to the first 
dryings by heating them under a stream of air from 313 to 393 K (200 ml 
min-’ (at STP) and 4 K mm-‘) and then holding the upper temperature for 
2 h. 

Catalyst 2G-03 underwent only the (B) and (C) drying treatments, but 
procedure (C) was repeated a second time on these pellets. 

The (A) type drying was performed in a forced convection stove; type (B) 
in a vacuum oven and type (C) in a horizontal oven attached to a linear 
temperature programmer, using an all-glass device. A maximum temperature 
difference of i-O.2 K between the pellet center and its rim was measured 
when the cross flow of air was 200 ml min- ’ (at STP). Cylinder air was 
used, without further purification, in all these drying experiments. 

Thermal decomposition 

The decomposition of the ion exchanged amminepalladium complexes 
was studied by means of differential scanning calorimetry (DSC), thermo- 
gravimetric analysis (TG) and X-ray diffraction (XRD) at atmospheric 
pressure. X-Ray photoelectron spectroscopy (XPS) was also employed for 
further characterization. Catalyst samples loaded with 3.57-10.27%Pd w/w, 
washed at pH 11 and then vacuum dried during 24 h (20 kPa, 313 K), were 
used for these studies. All the samples contained submonolayer coverages of 
Pd. Their characteristics and coding are indicated in Table 1. 

DSC measurements were made in a Mettler DSC-30 unit, decomposing 
the Pd/SiO, precursors in the 308-773 K range. Temperature and heat flow 
readings were calibrated with nitrogen and air, using standard crucibles 
containing precise amounts of In, Pb and Zn. Their melting points (429.7, 
600.5 and 692.6 K, respectively) were used for the calibration of tempera- 
ture. The heat of fusion of In (28.45 J g-l) was employed to set accurate 
values of the heat flow. 
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TABLE 1 

Characteristics and coding of the catalyst samples used in the differential scanning calorime- 
try (DSC) and ~e~o~a~et~~ (TG) experiments a 

Silica 
support b 

G-59 

G-03 

Palladium loading Pd surface coverage 
(%Pd w/w) (e = q/r,) c 

3.57 0.60 
5.03 0.85 

3.98 0.37 
7.48 0.70 

10.27 0.96 

Catalyst 
code sample 

36-59 
56-59 

4G-03 
7G-03 

lOG-03 

a After ion exchange (IQ of TPAcG in aqueous alkaline solution (R = 30 f 0.5 ml solution 
per g support, pH 11 and T = 297 K), and then washing at pH 11. 

b Davison Types (W.R. Grace & Co.). 
’ Pi, initial value; P,, saturation value; in units of mm01 Pd me2 [3]. 

Physical admixtures of Pd(NH,),Cl, - Ii,0 with G-59 (5.6%Pd w/w, 
coded MG-59) and with G-03 (7.1%Pd w/w, coded MG-03) were decom- 
posed in nitrogen (150 ml rnin-’ (at STP) and 8 K mm-‘) to verify the 
absence of heat transfer artifacts, taking as the reference the enthalpy of 
(endo) thermal decomposition of trans-(NH, ) 2 PdCl 2 [ 131 between 35 3 and 
546 K. The total enthalpy changes for the decomposition of the MC-59 and 
MG-03 admixtures were 509 and 489 kJ (mol Pd)- ’ respectively (122 and 
117 kcal (mol Pd)-I). Since these values were the expected ones, and their 
difference was only 5%, heat transfer-related artifacts or difficulties were 
ruled out. 

Catalyst samples were placed in aluminum crucibles (0.58 mm internal 
diameter; 40 ~1 volume) using as a reference an identical, empty unit. 
Appro~mate bed heights for the iG-59 and iG-03 samples were 1.1 mm and 
0.4 mm respectively. 

Three types of DSC studies were made under both oxidizing and inert 
atmospheres in each case. In the first one, the heating rate (8) was varied 
from 2 to 32 K min-’ in air (150 ml rnin-’ (at STP)) and from 4 to 64 K 
min-’ in N, (150 ml rnin-’ (at STP)), loading approximately similar 
amounts of Pd on the crucibles and catalysts of similar surface coverages (0) 
from both supports. Thus, 4.7 mg of the 56-59 catalyst (8 = 0.70) and 5.2 
mg of the 7G-03 (B = 0.85) were used in these runs. In the second study, the 
amount of Pd that was put into the crucibles was changed while keeping a 
constant total catalyst mass, by varying the Pd loading and/or surface 
coverage. Runs were made using 10.6 mg of iG-59 and 7.8 mg of iG-03, 
with a flow rate of N, or air of 150 ml min-’ (at STP) and p = 8 K mm-‘. 
Finally, the gas flow rate (N, or air) was changed over selected catalyst 
samples: 56-59 and 7G-03, with j3 = 8 K min-‘. 

Two sets of the purified, calcined G-59 and G-03 support powders were 
also used as blank control samples: (i) air dried at 393 K for 2 h, and (ii) 



68 

soaked and washed with diluted NH,OH(aq.) at pH = 11, then vacuum 
dried during 24 h (20 kPa, 313 K). This second procedure mimicked the one 
used with the catalysts. 

For the DSC experiments the air was purified with a trap of 5 A 
molecular sieve (Fisher Co.) followed by a second trap containing granu- 
lated ascarite (Riedel de Ha&, pro-analysis). Nitrogen was only purified 
with a 5 A molecular sieve. 

The results from DSC were used to perform non-isothermal kinetic 
analyses. 

X-Ray diffraction was employed as a control using a Rich Seifert JSO- 
Debyeflex Model 2002 unit with a Cu source and Ni filters. 

Finally, thermogravimetric experiments were made using samples of 56-59 
and 7G-03 together with blanks of both supports dried at 393 K (2 h), using 
a Calm Model RG electrobalance with a linear temperature program of 
p=6Krnin-’ and a gas flow :ate (N, or air) of 15 ml min-’ (at STP). Both 
gases were prepurified $th 5 A molecular sieve; MnO/celite trap was also 
added, upstream the 5 A cartridge, in the N, line. 

Complementary XPS spectra of the thermally decomposed palladium 
complexes on selected catalyst samples (56-59 and 7G-03), previously air 
dried at 313 K, were taken in a Shimadzu 750 ESCA spectrometer using 
monochromatic Mg Ka radiation (hv = 1253.6 ev). The normal operating 
vacuum pressure was less than 4 x lo-* Torr. Binding energies (BE) were 
referenced to the Si 2p peak position of the supports, which was assigned a 
value of 103.2 eV [14]. Binding energy values are accurate to within +0.2 
eV. 

The catalyst samples were treated in a Pyrex tube reactor. A gas flow rate 
(N2 or air) of 150 ml min-’ (at STP) and p = 8 K rnin-’ were employed 
while heating from 298 to 673 K in either inert or oxidizing atmospheres. In 
addition, a direct reduction at 473 (2 h) of an aliquot of 7G-03 with 150 ml 
min-’ (at STP) (p = 2 K min-‘) of ultra high pure hydrogen (Scott UHP 
99.999%], was included for reference purposes. Hydrogen was prepurified 
with 5 A molecular sieve and MnO/celite cartridges. After the completion 
of each of the decomposing or reducing treatments the catalyst samples were 
cooled under the same (reducing, inert or oxidizing) atmosphere in the tube 
reactor, then transferred and stored in a desiccator prior to their subsequent 
use for the XPS study. 

RESULTS 

Drying 

Figures 1-3 show the DRS spectra of the catalyst samples dried under the 
above-mentioned conditions. The location of the absorption bands of am- 
minepalladium complexes in aqueous solution is also included in these 
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Fig. 1. DRS spectra of aquoammin epalladium complexes adsorbed onto G-59 (ion exchang- 
ing with TPAcO at pH 11, then washing at pH 11 and 6.5) after the following drying 
treatments: Type A (in air, at 313 K) and Type B (in vacuum oven, 20 kPa, at 313 K). The 
upper part of the figure shows the location of the absorption bands of [Pd(NHs),(H20)4_,]2’ 
in aqueous solution [3]. 

figures. Each of the drying procedures led to bathochromic shifts of the 
absorption maxima (Table 2), from the initial location of the ion exchanged 

tPWHd~l*+ complex adsorbed on the wet catalysts (298 nm and shoulder 
at 370 nm). This is obviously linked to the loss of NH, ligands, since the 
absorption maxima of [Pd(N~3),(H20)4_,]2’ 
from 300 to 370 nm when n decreases from 4 

complexes progressively shift 
to 0. 
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Fig. 2. DRS spectra of aquoammin epalladium complexes adsorbed onto G-59 (ion exchang- 
ing with TPAcO at pH 11, then washing at pH 11 and 6.5) after drying treatment Type C (in 
a stream of air 200 ml min-’ (at STP), at 393 K, for 2 h). 
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Fig. 3. DRS spectra of aquoamminepahadium complexes adsorbed onto G-03 (ion exchang- 
ing with TPAcO at pH 11, then washing at pH 11 and 6.5) after different drying treatments. 
Operating conditions are the same as in Figs. 1 and 2. 

When pellets of 26-59 washed at pH 11 and 6.5 (2G-59/11 and 2G- 
59/6.5) were dried in air at 313 K, the (A) type air drying procedure, their 
absorption maxima shifted to about the same location after 24 h. The shift 
was slightly more pronounced in the samples washed at pH 6.5 which 
indicated that both solids had lost equivalent amounts of NH, ligands after 
this drying period. Further exposure to drying (48 then 72 h) led to about 

TABLE 2 

DRS maxima of the UV-VIS absorption bands of the adsorbed aquoamminepaIIadium 
complexes on G-59 and G-03 silica gels after ion exchange (IE) and drying treatments 

Sample 
code a 

Absorption maximum, A (run) 

Wet After drying treatments 
pellet 

Type A Type B TypeCb 
(air, 313 K) (vacuum, (air, 393 K) 

313 K) 

; h) g h) ;‘7: h) ;h) F33c) :c, ;l+C2c) 

2G-59/11 300 310 323 326 315 343 346 
2G-59/6.5 301 320 327 327 317 348 348 
2G-03/11 298,37O(sh) 300 323 330 
2G-03/6.5 298, 37O(sh) 300 325 335 

a Code indicates: Pd nominal loading, support type and pH of washing. 
b With air flow 200 ml mir-’ (at SIP), from 313 to 393 K at 4 K min-‘, then holding for 2 h 

at the upper temperature. 
’ Previous drying regime. 
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the same ligand losses. The (B) type vacuum drying gave similar results to 
the ones obtained from the (A) type drying after 24 h (Table 2). The (C) 
type drying treatment, i.e. a crossflow of drying air for 2 h at 393 K, on the 
26-59 pellets which had been previously dried under (A) or (B) conditions 
led to almost identical locations of their absorption maxima, around 346 
nm. 

No significant changes could be observed between the DRS spectra of wet 
and vacuum dried 2G-03 pellets, with the exception of a more pronounced 
signal of the 370 nm shoulder from the [Pd(NH3)J2’ species in the 
2G-03/11 catalyst. Two subsequent consecutive dryings, each time for 2 h, 
at 393 K under a crossflow of air led to progressive losses of ligands, with 
absorption maxima displaced to 323-325 nm, then to 330-335 nm (Fig. 3 
and Table 2). 

In broad terms, then, the bathochromic shifts, as related to the location of 
the absorption maxima in the wet pellets, were larger for the 26-59 than for 
the 2G-03 samples and also (marginally) larger for the catalyst powders 
washed at the lower pH. 

Thermal decomposition 

The set of DSC runs made apparent the existence of two well defined 
zones with different thermal evolutions: (a) a low temperature region (from 
308 to about 473 K), and (b) a high temperature one (up to about 680 K). 
Following that finding, DSC and TG experiments are presented within this 
low-temperature/ high-temperature framework. 

Low-temperature region 
Endothermal DSC signals evolved in the 308-473 K region, regardless of 

the kind of decomposition atmosphere that was used. Figure 4 shows the 
characteristic DSC spectra for the thermal decomposition of 5G-59 and 
7G-03 in air (150 ml min-’ (at STP), p = 8 K mm-‘), together with those of 
the untreated (i.e. simply dried) and treated (i.e. washed at pH 11 with 
aqueous NH,OH) supports. 

A single, broad endothermal peak with a minimum around 359 K was 
typical of the 56-59 catalyst, whereas the 7G-03 showed two endothermal 
evolutions with minima around 319 and 371 K. These last two peaks merged 
into one whenever higher heating rates were tried. Thermal decomposition in 
nitrogen gave almost identical DSC evolutions in this region. 

Blanks of the pure G-59 and G-03 silicas, whether treated with the 
alkaline solution or not, also gave endothermal DSC evolutions, their peaks 
being broader in the first case. The peak minima of the G-59 blank samples 
were located at lower temperatures than those of G-03 and also the peak 
minima of the untreated blanks were located at lower temperatures than 
their treated counterparts. 
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> 373 T(K) 47: 

Fig. 4. Differential scanning calorimetry (DSC) spectra upon thermal decomposition in air 
(150 ml min-’ (at STP), /3 = 8 K min-‘) of adsorbed amminepalladium complexes on G-59 
and G-03 silica gels, in the low-temperature region: (1) 56-59; (2) 7G-03; (3) G-59 blank, 
treated at pH 11; (4) G-03 blank, treated at pH 11; (5) G-59 blank, untreated, air dried at 393 
K; and (6) G-03 blank, untreated, air dried at 393 K. 

Since these samples were transferred to the DSC apparatus prior to the 
thermal decomposition run itself while exposing them to the room atmo- 
sphere, the adsorption of a certain amount of water vapor onto the gels of 
silica was foreseen. Trial runs showed that although the peak areas were 
dependent upon the exposure time to the room atmosphere, the peak 
minima were not. 

Recalling that the DRS experiments indicated the loss of NH, ligands 
from the supported [Pd(NH3)J2’ complex up to 393 K (type (C) drying) it 
follows from the DSC spectra (Fig. 4) that the 56-59 catalyst loses water 
and ammonia jointly whereas 7G-03 sheds these compounds in a sequential 
fashion. 

Thermogravimetric experiments confirmed this conclusion: blank samples 
of G-59 and G-03 which had been previously dried at 393 K for 2 h showed 
weight losses up to 423 K, under both N, or air “decomposition” atmo- 
spheres, with further constant weight. Likewise, TG analyses of the 56-59 
and 7G-03 catalysts indicated a steady, smooth weight loss extending until 
about 473 K, regardless of the type of decomposition atmosphere. 

High temperature region 
The decomposition of the amminepalladium complexes under inert atmo- 

sphere was characterized by the evolution of a single endothermal DSC peak 
in the 530-680 K temperature range. This behavior was reproducible pro- 
vided that sufficiently high gas flow rates (larger than 20 ml min-’ (at STP)) 
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Fig. 5. DSC spectra of the energy evolutions upon thermal decomposition in nitrogen (150 ml 
min-’ (at STP), j3 = 8 K min-‘) of adsorbed amminepalladium complexes on G-59 silica gel 
versus palladium loading in the DSC crucible normalized to an identical sample mass of 10 
mg (high temperature region). 

were employed, to prevent deleterious signals arising from the incomplete air 
removal from the samples after purging the DSC chamber. 

The thermal evolutions of the decomposing complexes under oxidizing 
conditions were exothermal instead, and the features of the DSC spectra 
were dependent upon the type of silica support. Several peaks were observa- 
ble in the 450-680 K range; their amount, location and relative sizes 
changed whenever the heating rate or the air flow rate were varied. 

Blanks with pure G-59 and G-03 had flat DSC spectra using either inert 
or oxidizing atmospheres in this high temperature region. 

A more detailed examination of both situations follows now. 
Inert atmosphere. Figures 5 and 6 show the DSC spectra of the iG-59 

and iG-03 catalyst samples upon decomposition of different amounts of the 
adsorbed amminepalladium complexes with N, (150 ml mm’ (at STP), 
J3 = 8 K mm-‘), as indicated in the Experimental section. 

With both silicas a single endothermal peak evolved, around about the 
same temperature interval, its minimum being displaced somewhat towards 
lower temperatures the higher the palladium loading on the crucibles. Table 
3 shows that the experimental enthalpy changes, AHtN (expressed as kJ (mol 
Pd))‘) were independent of the amount of palladium loaded on the cruci- 
bles, for a nitrogen flow rate of 150 ml min-’ (at STP), but also that these 
enthalpy changes were substantially different for the macroporous and the 
microporous silica supports, the enthalpy change values being almost double 
on the latter (G-03). 
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Fig. 6. DSC spectra of the energy evolutions upon thermal decomposition in nitrogen (150 ml 
min-’ (at SIP), B = 8 K min-‘) of adsorbed amminepalladium complexes on G-03 silica gel 
versus palladium loading in the DSC crucible normalized to an identical sample mass of 10 
mg (high temperature region). 

TABLE 3 

DSC energy evolutions and peak positions upon thermal decomposition in nitrogen of 
amminepalladium complexes ion exchanged on G-59 and G-03 silica gels relative to pal- 
ladium loading in the DSC chamber and gas flow rate (high temperature region) a 

Sample Nitrogen Sample Pd loaded Number Peak Thermal 
code flow rate mass b in the DSC of DSC position evolution AH,” 

(ml mm-’ (mg) chamber peaks (K) (kJ (mol Pd)-‘) 
(at STP)) (mm01 x 

103) 

36-59 150 10.13 3.28 1 585 36.7 

56-59 150 10.31 4.64 1 584 34.4 
80 9.12 4.10 1 582 30.0 
20 10.66 4.80 

4G-03 150 7.57 2.72 1 590 76.8 

7G-03 150 8.25 5.40 1 587 72.7 
80 7.65 5.00 1 588 73.8 
20 7.71 5.04 

lOG-03 150 7.72 6.76 1 587 76.5 

a Heatingrate, p=8Kmin-‘. 
b Dry basis. 
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TABLE 4 

DSC energy evolutions and 
amminepalladium complexes 

peak positions upon thermal decomposition in nitrogen of 
ion exchanged on G-59 and G-03 silica gels relative to heating 

rate (high temperature region) * 

Sample Heating Sample Pd loaded Number of Peak Thermal 
code rate, /3 mass b in the DSC DSC peaks position evolution 

(K mm’) (mg) chamber (K) 
N 

(mm01 x 103) PkJHimol Pd)-‘) 

56-59 4 10.36 4.66 1 571 38.1 
8 10.31 4.64 1 584 34.4 

16 10.86 4.89 1 596 36.6 
32 10.85 4.88 1 602 36.9 
64 10.56 4.75 1 616 27.7 

7G-03 4 7.90 5.17 1 579 77.9 
8 8.25 5.40 1 587 72.7 

16 7.82 5.11 1 597 76.2 
32 7.99 5.23 1 610 73.6 
64 7.88 5.15 1 619 63.4 

a Nitrogen flow rate, 150 ml min-’ (at STP). 
b Dry basis. 

The same results were obtained when the nitrogen flow rate was reduced 
from 150 to 80 ml min-’ (at STP), but lower gas flow rates could not be 
employed without provoking spurious signals, as already stated. 

When the heating rate (p) was varied from 4 to 64 K min-’ (N2 flow 
rate, 150 ml mm-’ (at STP)) the same spectral features were found using 
56-59 and 7G-03, provided B < 32 K min-r. The enthalpy change values 
were again almost double on the microporous silica supported palladium 
catalyst. Table 4 also shows that the minima of the endothermal peak were 
located at about the same values for identical heating rates on both cata- 
lysts. 

Oxidizing atmosphere. Figures 7 and 8 show the DSC spectra of the 
iG-59 and iG-03 catalyst samples upon decomposition of different amounts 
of the adsorbed amminepalladium complexes in air (150 ml min-’ (at STP), 
p = 8 K min-l), as indicated in the Experimental section. 

These DSC spectra were distinctive of each support. Firstly, the am- 
minepalladium complex decomposed at lower temperature on iG-59 than on 
iG-03. Secondly, only two convoluted decomposition peaks appeared in the 
G-59 supported catalysts whereas three consecutive exothermal evolutions 
characterized the decomposition of the complex on the microporous G-03, 
the relative area of the third increasing with increasing amount of palladium 
placed in the crucible. 
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Fig. 7. DSC spectra of the energy evolutions upon thermal decomposition in air (150 ml 
min-’ (at STP), p = 8 K rnin-‘) of adsorbed amminepalladium complexes on G-59 silica gel 
versus palladium loading in the DSC crucible normalized to an identical sample mass of 10 
mg (high temperature region). 

The sequential character of these exothermal evolutions under oxidizing 
conditions became lost with lower air flow rates (Figs. 9 and lo), and the 
low temperature peak disappeared altogether for gas flow rates of 80 ml 
min-’ (at STP) or less. 
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I’ 
Fig. 8. DSC spectra of the energy evolutions upon thermal decomposition in air (150 ml 
min-’ (at STP), /3 = 8 K mm-‘) of adsorbed amminepalladium complexes on G-03 silica gel 
versus palladium loading in the DSC crucible normalized to an identical sample mass of 10 
mg (high temperature region). 
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Fig. 9. DSC spectra of the energy evolutions upon thermal decomposition in air (@ = 8 K 
min-‘) of 5G-59 (5.034ilPd w/w) versus gas rate, normalized to an identical sample mass of 
10 mg (high temperature region). 

Table 5 shows the experimental total enthalpy changes, AH:, expressed 
as kilojoules per mole palladium. These enthalpy changes are somewhat 
dependent of the amount of palladium loaded on the crucibles and the air 
flow rate, but they are not substantially different for the macroporous and 
the microporous silica supports. 

20 ml STPhm 

i 
76-03 

110 mw 

Fig. 10. DSC spectra of the energy evolutions upon thermal decomposition in air (/3 = 8 K 
min-‘) of 7G-03 (7.489bPd w/w) versus gas rate, normalized to an identical sample mass of 
10 mg (high temperature region). 



TABLE 5 

DSC energy evolutions and peak positions upon thermal decomposition in air of amminepal- 
ladium complexes ion exchanged on G-59 and G-03 silica gels relative to palladium loading 
in the DSC chamber and gas flow rate (high temperature region) a 

Sample Air Sample Pd loaded Number of Peak Thermal 
code flow rate mass b in DSC DSC peaks position evolution 

(ml min-’ (m8) chamber (K) A@ 

(at SW) (mm01 x {kJ (mol Pd)-‘) 
103) 

36-59 150 10.41 3.37 2 547,565 - 414 

56-59 150 10.78 4.85 2 544,562 - 484 
80 8.78 3.95 1 569 -3% 
20 10.04 4.52 1 568 - 407 

4G-03 150 7.66 2.76 3 557,582,602 -411 

7G-03 150 7.71 5.04 3 557,577,595 - 477 
80 7.99 5.23 2 580,595 - 354 
20 7.84 5.13 2 581,595 - 362 

lOG-03 150 7.97 6.98 3 556,576,593 - 423 

a Heating rate, j3 = 8 K mit-‘. 
b Dry basis. 

TABLE 6 

DSC energy evolutions and peak positions upon thermal decomposition in air of amminepal- 
ladium complexes ion exchanged on G-59 and G-03 silica gels relative to heating rate (high 
temperature region) a 

Sample Heating Sample Pd loaded Number of Peak Thermal 
code rate, B mass b in the DSC DSC peaks position evolution 

(K mm-‘) (mg) chamber (K) 
A 

(mm01 x tz(rnol Pd)-‘) 
103) 

5G-59 2 8.82 3.97 2 514,542 -481 
4 10.29 4.63 2 528,553 - 480 
8 10.78 4.85 2 543,562 - 484 

16 10.40 4.68 1 575 -441 
32 10.78 4.85 1 588 -407 

7G-03 2 8.25 5.40 3 535,561,580 -477 
4 7.65 5.00 3 544,567,588 - 442 
8 7.71 5.04 3 557,577,595 - 477 

16 7.92 5.18 2 576,594 - 389 
32 7.78 5.09 2 597,612 - 351 

a Air flow rate, 150 ml min-’ (at STP). 
b Dry basis. 
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TABLE 7 

Thermogravimetric (TG) weight losses upon thermal decomposition in nitrogen and air of 
amminepalladium complexes ion exchanged on G-59 and G-03 silica gels (high temperature 
region) a 

Sample Sample Pd loaded Atmos- Mass loss (mg) 
code mass b in the TG phere ’ 

(mg) chamber 
Theoretical mass loss per mole Pd for Experi- 
hypothetical freeing of mental 

(mm01 x 
103) 2NH, (NH, +NH) d (2NH, +H,O) va1ues 

5G-59 33.37 15.0 Air 0.51 0.48 0.78 0.49 
34.43 15.5 N2 0.53 0.50 0.81 0.52 

7G-03 22.88 15.0 Air 0.51 0.48 0.78 0.52 
22.22 14.5 N, 0.50 0.47 0.75 0.55 

a Heating rate, /3 = 6 K min-‘. 
b Dry basis. 
’ Gas flow rate (N, or air): 15 ml rnin-’ (at STP). 
d (NH, +NH) stands for NH, +0.5N, +0.5H, (eqn. 5). 

DSC spectra were also taken while varying the heating rate, p, between 2 
and 32 K min-‘, using 5G-59 (0 = 0.85) and 7G-03 (0 = 0.70) with an air 
flow rate of 150 ml min-’ (at STP). As expected, with progressively higher 
heating rates the exothermal signals merged, into either one (56-59) or two 
(7G-03) peaks (Table 6). The low temperature peak disappeared whenever 
p > 8 K min-‘, with either support type. On the other hand, AH: was 
constant provided /I I 8 K mm-‘, i.e. as long as the consecutive exothermal 
evolutions were not “forced’ to merge. 

Thermogravimetric analysis 
Table 7 contains the TG results corresponding to the weight losses of 

56-59 and 7G-03 catalysts in the high temperature region upon decomposi- 
tion under nitrogen and air gas flow (15 ml min-’ (at STP)). Together with 
the experimental values a set of calculated theoretical losses for the follow- 
ing molar ratios is presented (related to the hypothetical loss of ligands 
and/or their reaction products from the adsorbed complex): 2NH,/Pd, 
[NH, + NH]/Pd ( or more properly: [NH, + 0.5N, + 0.5H,]/Pd) and 
[2NH, + H,O]/Pd. 

The identification of ‘the onset of this high temperature decomposition 
zone was not straightforward, since the low temperature weight loss ex- 
tended smoothly up to 500 K. Therefore the experimental values of Table 7 
are adequate within an error bounding of about 10-158. 

The comparison of the experimental and theoretical values of the weight 
losses in this region shown in Table 7 indicates that either 2NH,/Pd or 
[NH, + 0.5N, + 0.5H,]/Pd are plausible expressions accounting for the loss 



80 

of ligands from the palladium complex, the third ([2NH, + H,O]/Pd) being 
an unlikely choice. 

X-Ray diffraction 
XRD spectra showed that neither Pd” nor PdO crystallites of sizeable 

dimensions, i.e. with diameters larger than 40 A, were produced after 
decomposing the iG-59 or iG-03 catalysts in N, or air up to 773 K (gas flow 
rates = 150 ml min-’ (at STP); /? = 8 K min-l). 

Non-isothermal kinetic analysis 
The rate of irreversible thermal decomposition of a solid can be written as 

$f = 2 exp(-E&RT)f (4 

where ar is the fraction of solid already decomposed, or conversion; 2 is the 
global pre-exponential factor; Eobs is the observable activation energy; R is 
the gas constant; and f ( (Y) is a function able to express (globally) the type of 
thermal decomposition involved in the process. 

The integration of eqn. (1) for non-isothermal decompositions with linear 
programming of the temperature, i.e. with dT/dt = p = constant, leads to 

where To is the temperature for (Y = 0. 
Equations (1) or (2) can be used, in principle, to find the kinetic 

parameters of the decomposition of the amminepalladium complexes under 
inert (N,) or oxidizing (air) atmospheres in the high-temperature region. 
Since different methodologies have been put forward to find those parame- 
ters while avoiding the explicit knowledge of f(a) [15], two of them were 
applied in this work for comparison purposes. 

A brief description of these methods together with the results arising from 
their application to our systems follows now. 

Isoconuersional method. This method was simultaneously presented by 
Ozawa [16] and Flynn and Wall [17] to calculate the activation energy Eobs 
of an irreversible decomposition whenever a solid is subjected to a thermal 
treatment while its temperature is linearly increased. By using Doyle’s 
approximation [18] to solve the second integral in eqn. (2) these authors 
obtained a new expression 

E 
- 5.3305 - 1.0527 $ 1 1 

where T, is the temperature at which a certain fraction (Y of the solid is 
decomposed or converted. 
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Fig. 11. Calculated values of the activation energies (E,,& versus fractional conversion (a) 
using Ozawa’s method [16], for the decomposition in nitrogen (p 5 32 K min-‘) of adsorbed 
amminepalladium complexes on G-59 and G-03 silica gels. 

Because (Y is proportional to the fractional area under the decomposition 
curve given by any suitable technique, DSC spectra allowed us to calculate 
Eobs versus a by varying the heating rate ( p) because ln /3 is proportional to 
l/T, (eqn. 3). This is why the method is called “isoconversional”. Then, if 
g(a) does not change for different conversion levels, i.e. if there are no 
interactions among decomposing species, Eobs will be the same for any value 
of (Y. 

Obviously, this method is only applicable for singly peaked thermal 
evolutions and thus it was only used to evaluate data taken from the 
decompositions in nitrogen. 

Figure 11 shows the results obtained after using this method to analyze 
the decompositions of 56-59 and 7G-03 under N, flow. Only data for 
/3<32 K min-l (i.e. where AHtN was constant) were used to perform the 
calculations. It is apparent that Ezz-59 and EJza3 are both independent of 
the conversion level and identical, within the calculated error bounds shown 
in the figure. The averaged values for each sample were 180 f 5 kJ (mol 
Pd)-’ (43.0 f 1.2 kcal mol-‘) and 176 f 5 kJ (mol Pd)-’ (42.1 + 1.2 kcal 
mol-‘) respectively. 

Peak temperature method This method calculates Eobs and 2 by using a 
relationship between the value of the temperature at the peak maximum (T,) 
and the heating rate (/3) originally found by Kisinger [19] 

The kinetic parameters can be calculated from the values of the slope and 
the intercept with the ordinate axis in the linear regression of ln[/3/Tt] 
versus l/T*. The peak temperature method has also been used in tempera- 
ture programmed desorption (TPD) and temperature programmed reaction 
(TPR) experiments, as applied to the study of supported metals [20-221. 
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TABLE 8 

DSC non-isothermal kinetic analysis (Kisinger’s method [19]): values of the activation energy, 
E ohs, and global frequency factor, Z, for the decomposition in nitrogen and air of arnminepal- 
ladium complexes ion exchanged on G-59 and G-03 silica gels in the high temperature region 

Sample Atmos- Peak Heating 
code phere a order rate, p 

(K mm-‘) 

56-59 Air 1st 234, 8 
2nd 294, 8 

N, 4, 8, 16, 32 

7G-03 N, 4, 8, 16, 32 

a Gas flow rate: 150 ml min-’ (at STP). 

Kinetic parameters 

E ohs. 

(kJ mol-‘) ;-1) 

97.8 7.9 x loo8 
161.3 4.6 x 1014 

182.0 2.3 x 1013 

173.8 1.1 x 1o13 

Linear 
correlation 
coefficient 

1.000 
0.995 

0.994 

0.999 

The method was used here to calculate the kinetic parameters of the 
thermal decomposition of the amminepalladium complexes in 56-59 and 
7G-03 under nitrogen by resorting to experimental data for which AHtN was 
constant (/3 ( 32 K mm-‘). 

Likewise, DSC results for the thermal decomposition of 56-59 under air 
(/I < 8 K mm-‘) at constant AHp were employed. It was impossible to 
apply it to the decomposition of 7G-03 in an oxidative atmosphere, as 
discussed below in more detail. 

Table 8 summarizes the results of these calculations. The close agreement 
between the values of the activation energies ( Eobs) for the decomposition of 
the complex under inert atmosphere calculated with this method and those 
obtained via the former procedure (the isoconversional technique) is re- 
markable. 

X-Ray photoelectron spectroscopy 
XPS spectra taken from the 56-59 and 7G-03 catalysts samples are 

shown in Fig. 12. Table 9 details the binding energies (BE) and the full 
width at half maximum (FWHM) of these peaks, as well as those corre- 
sponding to Pd foil and bulk PdO. Since the differences in binding energies 
between the 3d,,, and 3d,,, signals was always about the same (5.1-5.3 
ev), only the features corresponding to the former XPS peaks are reported. 

The hydrogen reduced 7G-03 catalyst as well as the nitrogen decomposed 
samples (56-59 and 7G-03) showed about the same values of the Pd 3d,,, 
BE. The reduction procedure on 7G-03 left only highly dispersed palladium 
metal crystallites on the surface, which was confirmed by us by electron 
microscopy and H, chemisorption [24]. 

It is well known that Pd” BE values larger than that of bulk metal are 
obtained on inert supports whenever metal crystallites smaller than about 
40-50 A are formed on the said surfaces [25-281. Moreover, palladium 
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Fig. 12. XPS spectra of Pd 3d,,, and 3d,,, signals corresponding to precursors of Pd/SiOz 
catalysts ( amminepalladium complexes ion exchanged on G-59 and G-03 silica gels) upon 
exposure to oxidizing, inert or reducing atmospheres. 

metal crystallites on the surfaces of hydrogen reduced catalysts have been 
shown not to redisperse [24] nor reoxidize upon exposure to air at ambient 
conditions [29,30]. 

Thus, the Pd 3d,,, BE value from the 7G-03/H, sample corresponds to 
well dispersed Pd’, probably with weakly chemisorbed surface oxygen [23]. 

TABLE 9 

Binding energy (BE) values and full width at half maximum (FWHM) of Pd 3d,,, XPS peaks 
corresponding to precursors of Pd/SiO, catalysts (amminepalladium complexes ion ex- 
changed on G-59 and G-03 silica gels) upon exposure to oxidizing, inert or reducing 
atmospheres 

Sample Atmosphere Maximum 
code temperature 

(K) 

7G-03 HZ 473 

N, 673 
Air 673 

56-59 N2 673 
Air 673 

Pd foil 
PdO 

a Peak positions are referenced to Si 2p =103.2 eV. 
b After ref. 23, when referenced to C 1s = 284.6 eV. 

Pd 3d,,, peak features 

FWMH 
g (ev) 

335.8 2.8 
336.0 2.8 
336.3 3.3 

335.9 2.8 
336.9 2.7 

335.2 b 
336.5 b 
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Also, within experimental. error, it is to be concluded that the decomposition 
process with nitrogen left only (ultradispersed) palladium metal crystallites 
on both 56-59 and 7G-03. 

The air decomposed catalyst showed distinctive, significantly higher bind- 
ing energies. On the microporous G-03 support the average BE (336.3 eV) 
was slightly under the value of bulk PdO (336.5 eV), but the width of the 
signal (FWHM = 3.3 eV) indicates that the d~mposition of the ammine- 
palladium complex left at least two different surface species, probably a 
mixture of Pd” and [(SiO),]2-Pd2f. 

Conversely, on the macroporous 56-59 catalyst a fully oxidized surface is 
left upon exposure to an air flow at 673 K, probably with strong surface 
bonding of surface Pd2+ cations coordinated to lattice oxygen. Strong 
surface bonding of surface PdZf cations coordinated to lattice oxygen has 

TABLE 10 

Estimated percentage of remaining ammine ligands and optical appearance of precursors of 
Pd/SiO, catalysts (anurtinepalladium complexes ion exchanged on G-59 and G-03 silica gels) 
upon exposure to oxidizing, inert or reducing atmospheres 

Sample Atmosphere 
code 

5G-59 Air 

N, 

H2 

7G-03 Air 

N2 

H2 

He 
Pd(N~~)~tNG~)* 
Pd(NH,),Cl,.H,O 
Pd(NH,MGH), 
Pd(NH,),Cl, 
PdO-xH,O 
PdO,*xH,O 

Maximum 
temperature 

(RI 

298 
393 
723 

723 

723 b 
723 ’ 

298 
393 
723 

723 

723 b 
723 ’ 

623 

Remaining 
NH, ligands 

(W) 

100 
50 
0 

0 

0 
0 

100 
50-70 

0 

0 

0 
0 

0 
100 
100 

50 
50 

0 
0 

Final 
color 

White 
Yellow 
Red-brown 

Black 

Black 
Black 

White 
Yellow 
Brown 

Black 

Black 
Black 

Black 
White 
Colorless 
Yellow 
Yellow 
Yellow-brown 
Red 

Ref. a 

11 
32 
11 
32 
11 
32 

’ This work unless otherwise stated. 
b H, reduced (2 h), uncalcined sample. 
’ H, reduced (2 h), after previous calcination in air at 723 K. 
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been shown to give even larger Pd 3d,,, BE values than those of bulk PdO 
by Vedrine et al. [31]. When these authors decomposed [Pd(NH,)J2+/zeolite 
in 0, at 773 K they found palladium BE values of 339.4 eV. 

Table 10 summarizes several of the thermal decomposition results, ob- 
tained under different conditions, and includes optical characteristics of 
various palladium complexes for further discussion below. 

DISCUSSION 

Drying-low-temperature thermal decomposition 

As already stated, ion exchange of amminepalladium complexes prepared 
from palladium acetate in aqueous alkaline solutions (pH >, 10.5) results in 
the adsorption of tetrammin epalladium on gels of silica without substitution 
of NH, ligands in the coordination sphere of the Pd2+ cations [3] (formally, 
[Pd(NH3)J2’ [(SiO),12-; hereafter TPSiO). 

DRS spectra corresponding to the different drying procedures at 313 K of 
20-59 and 2G-03 show that after these dryings a progressive substitution of 
the NH, ligands by surface water occurs, and the longer the drying period 
the more extensive this substitution. Moreover, from DRS spectra the 
assignment of this progressive substitution of ligands to a final total of two 
exchanged NH, after drying the 26-59 samples with forced convection of 
air at 393 K for 2 h is straightforward (Fig. 1). The diaquo-diamrninepal- 
ladium complex, [Pd(NH,)2(H20)2]2+, is the most likely ending surface 
species regardless of the pH of the washing procedures or the previous 
drying types under the moderate conditions to which the solid was sub- 
jected. Either due to the use of gas chromatography grade air without water 
traps or because the catalyst pellets were exposed to atmospheric conditions 
prior to obtaining the DRS spectra this inference is immediate. 

Longer drying periods at 393 K are required for the 2G-03 catalyst to 
complete this ligand substitution. Thermal decomposition results in the 
low-temperature region showing more directly (Fig. 4) that the freeing of 
NH, ligands on 2G-03 is certainly more difficult than on 20-59. 

In previous work [3] we have shown that, whereas both silicas are 
chemically equivalent, they have widely different structures. G-59 is a 
macroporous silica gel but G-03 is a microporous solid so that the resulting 
palladium surface complex on the latter support after a drying period of 2 h 
(393 K) is then [Pd(NH,),(H,0),_J2+, with 2 <n < 3. In this regard our 
results keep close agreement with those of Gubitosa et al. [4], who adsorbed 
P’WH,MOW, on microporous silica in NH,OH(aq) and dried their 
samples in air at 383 K. Their chemical analysis of the further direct 
reduction with H, of the residual surface ammonia gave a calculated NH, to 
Pd molar ratio averaging 2.65. 

Other supported metal complexes have been shown to follow similar 
ligand exchange pathways after drying: Olivier et al. [33] reported that 
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N(NHd612 adsorbed onto silica as [Ni(NH3)J2’[(SiO),12- ends up as a 
diaquo-diammine nickel complex [Ni(NH,),(H,O), J2+ upon stove drying 
(353 K) followed by rehydration in atmospheric conditions. Likewise, Amara 
et al. [7] adsorbed [Cu(NH,),]” on a gel of silica obtaining a tetrammine 
surface complex which became again a substituted diaquo-diammine species 
after overnight drying at 353 K. 

Olivier’s group also showed that the dehydration of adsorbed aquo-am- 
mine nickel complexes manifests itself by a shift in the absorption maxima 
towards longer wavelengths of approximately 15 run whenever a H,O ligand 
is substituted by a (SiO)- [33]. If that had been the case for our amminepal- 
ladium complexes, we would have found absorption maxima around 370 nm 
were the surface species [Pd(NH3)2]2’[(SiO)2]2-, which was certainly not 
observed in the DRS spectra. 

Similarly the substitution of a single water molecule by (SiO)-, which 
would imply absorption maxima at about 356 nm, is discarded altogether. 

Thus, if prior to the spectroscopic scans the solid pellets are exposed to 
atmospheric conditions, diaquo-diamminepalladium complex is the most 
likely surface species observable by DRS after drying at 393 K in “regular” 
air on these gels of silica, with longer drying times required when the 
microporous support G-03 is used. 

It is only possible to obtain “bare” surface diamminepalladium (formally, 
[Pd(NH3)2]2’[(SiO),]2-; hereafter DPSiO) whenever dry nitrogen or air are 
used (in a closed enclosure) to decompose TPSiO. This is confirmed by the 
mass balances obtained from our TG results, performed in the high-temper- 
ature decomposition region (Table 7), as discussed in more detail below. 

High-temperature thermal decomposition 

Inert atmosphere 
Combined DSC and thermogravimetric results (Figs. 5 and 6, Table 7) 

allows us to state that the decomposition of DPSiO in nitrogen occurs below 
630-640 K, (i) with loss of two NH, ligands, and (ii) without surface 
dehydration of the gels of silica themselves, at least within the detection 
limits of these techniques. Therefore, either Pd2+ ions and/or Pd” crystal- 
lites are left on the silica surfaces after the high-temperature thermal 
treatment. 

Earlier works have shown that when [Pd(NH3)J2’ complexes adsorbed 
onto zeolites are thermally decomposed in He [lo] or Ar [34] they self 
decompose, and only palladium metal is left on the surface. 

In contrast, bulk thermal decomposition experiments of Pd(NH,),X, 
(X = Cl, Br, I) in a cross flow of He [13] have shown that, (i) tetramminepal- 
ladium halides free two of the NH, ligands in a first stage, yielding 
trans-X,Pd(NH,),; (ii) these trans complexes decompose in a different 
fashion, according to the nature of X, such that if X = Cl, Pd2+ wholly 
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reduces to Pd’; if X = Br, a mixture of PdBr, and Pd” is obtained (with a 
Pd2+/Pdo molar ratio of 4); and if X = I, only PdI, is produced. 

The polarizability of halide anions follows the sequence Cl- < Br- < I-. 
Therefore, the less polarizable the anion in a palladium halide the higher the 
feasibility of reduction of Pd2+ to palladium metal by the NH, ligands. 

From these observations, surface oxygen anions pertaining to the siloxy 
functional groups (SiO)- being less polarizable than Cl-, it is reasonable to 
think that in the absence of 0, the [Pd(NH3)2]2’[(SiO)2]2- complex decom- 
poses leaving Pd” on the surface of silica gels, such as has been observed in 
zeolites [9,10]. By adding to this reasoning the TG-derived mass balance and 
DRS data summarized in Table 10, and our XPS results, it has to be 
concluded that the Pd2+ cations are reduced to palladium metal crystallites 
by the NH, ligands set free during the thermal decomposition in inert 
atmosphere. 

We tend to dismiss the proposition of Spector et al. [8] about -OH 
surface groups being responsible for the said surface reduction for two 
reasons. Firstly our TG mass balance rules out the possibility of having a 
simultaneous freeing of surface NH, and H,O and, secondly it is utterly 
impossible to have the single evolution of water instead of NH, because 
silica gels do not retain NH, any longer at these high temperatures. 

The following single equation should then suffice to describe the whole 
high temperature decomposition process under nitrogen 

1(SiG)212+ [Pd(NH&12+ + Pd” + 2SiOH -t 0.5N2 + 0.5H2 + NH, (5) 
However, the calculated decomposition enthalpies, AH: (kJ (mol Pd)-‘) 

were not equal for the two supported catalysts (Table 4). A possible reason 
for these dissimilar enthalpy values could be related to the simultaneous 
occurrence of the well-documented dissociative catalytic decomposition of 
NH, on transition metals, such as Pt [35-401, Ni [41-431 or Pd [44]. Because 
G-03 has a microporous structure it is then feasible that the catalytic 
decomposition on Pd” crystallites of the ammonia ligands is more extensive 
than on G-59. 

That being the picture, when the (average) experimental difference of the 
AH: between both supports (39.1 kJ (mol Pd)-i; see Table 4, B < 32 K 
min-‘) and the tabulated value of the enthalpy of formation of ammonia 
(- 50.8 kJ mol-’ [45]) are brought into consideration, two extreme alterna- 
tives concerning the decomposition of the freed NH, ligand remain. Either 
all the NH, decomposes whenever the support is G-03, and then on G-59 
the decomposed fraction (0 is (approximately) 0.23, or when the support is 
G-59 NH, does not decompose and then on G-03 ,$ = 0.77. 

Thus, the following comprehensive equation results 

1(SiO)212+ [Pd(NH,)212+ 

+ Pd” + 2SiOH + I+t 
-+2+ yH2 + (1 - ONH, 

where t < 0.23 for Pd/5G-59 and/or 5 >, 0.77 for Pd/7G-03. 

(6) 
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Considering that only about 23% of the decomposed NH, can be con- 
verted into N2 and H, on Pd/5G-59, the calculated total enthalpy change 
for the reaction indicated by eqn. (5) becomes 

A HDNpsio = 32.3 + 4.2 kJ (mol Pd)-’ (7.7 f 1.0 kcal (mol Pd)-‘) 

The DSC spectra themselves shed ad~tion~ light on the kinetics of the 
combined decomposition of the amminepalladium complex and the evolved 
ammonia because, (i) if the rate of the catalytic decomposition of NH, on 
the newly formed Pd” crystallites were greater than the rate of decomposi- 
tion of the DPSiO complex (eqn. (5)) only the latter process could be “seen” 
in the DSC spectra, whereas (ii) if the opposite were true another DSC peak 
or shoulder would appear, at least at the lower heating rates (fi) on 7G-03, 
or the DSC signals from 7G-03 would have minima at higher temperatures 
than those from 56-59. Certainly the former situation applies (Figs. 5 and 
6). 

Then, as the observable kinetics are those of a rate process singly related 
to the decomposition of DPSiO (eqn. 5), the same value of the activation 
energy ( Eobs) and the pre-exponential factor (Z), should be found at any 
level of decomposition of the complex (a) on either of the silica supports. 
This assertion is reasonably well supported by our experimental data, as 
shown in Fig. 11 and Table 8, so that the (averaged) kinetic parameters for 
the decomposition of DPSiO in nitrogen are E~~sio = 181 kJ (mol Pd) - ’ 
and Z$r,sio = 2.3 X 10r3. 

Oxidizing atmosphere 
The interpretation of these DSC and TG experiments is more complex 

than the one given above to rationalize the d~mposition of DPSiO under 
nitrogen. These data indicate that under oxidizing conditions the decomposi- 
tion of DPSiO occurs (i) with loss of two ammonia ligands per Pd atom; (ii) 
with highly exothermal evolutions, which induces one into thinking of 
conco~tant oxidation of NH, with consequent production of H,O; (iii) at 
least in two consecutive stages; and (iv) at lower temperatures than in inert 
atmosphere. 

XPS results, as well as those of Table 10, show qualitatively that the 
supported palladium complex becomes partially or completely oxidized after 
the decomposition on either support. Because no endothermal DSC signal 
was put into evidence while decomposing DPSiO on 5G-59 we think that on 
this support all of the palladium is Pd2+ at the end of the high temperature 
decomposition. However, in the case of the microporous 7G-03 diffusional 
hindrances hamper the total decomposition of NH,, as discussed below. 

Because A HP values varied somewhat with the Pd loading ( f SW), and 
also with the air flow rate, only qualitative hypotheses will be put forward 
hereafter as related to this iG-03 system. 
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AH (KJ/mol) Ref 

AHNDPSlO 32 2 This work 

A’-‘,, 553 o I$ -745 [32] 

AH SI OH 175 [46] 

AHs53 K V 244 5 [45,47] 

A%i 553 K -50 2 
3 

[45] 

Fig. 13. Schematic representation of the decomposition of DPSiO under inert and oxidizing 
atmospheres. 

Taking the 56-59 data first, since the decomposition of NH, produces 
hydrogen, the exothermal DSC peaks are to be assigned to the production of 
H,O (given the fast reactivity of H, with 0,). Assuming all the NH, 
decomposes in air to give N, and H,O [10,34] we can write the representa- 
tive equation 

[(Si0)2]2-[Pd(NH9)2]2++ 1.50, + [(SiO)2]2-(Pd)2t+ N, + 3H,O (7) 

Using the thermodynamic cycle pictured in Fig. 13, the total enthalpy 
change, A Hfirsio 7 can be estimated as 

AH~,io = AH,N,sio + AHpdo + AHsioH + AHR + 2AHH20 - AHNH, (8) 

where AH,N,io is the enthalpy of decomposition of DPSiO in N2, AHpdo is 
the heat of formation of PdO,,, AHsioH is the enthalpy of surface dehydra- 
tion of amorphous silica per mol H,O, AHR is the enthalpy of bond 
rearrangements (Fig. 13), AHHzo is the heat of formation of H20cgj, and 

AHNH, is the heat of formation of NH,,,. 
The estimation of AH~~sio is made by further assuming that (a) AH,N,io 

and AHsioH are temperature independent (thus, our own A HDNpsio experi- 
mental value obtained from the DPSiO decomposition under nitrogen, and 
an averaged AHsioH value from the DSC data of Sharpataya et al. [46] were 
used), (b) AH, = 0 kJ mol-‘, these being only internal bond rearrange- 
ments, and (c) the values of AHpdo, AHrro and AHNH,, calculated at the 
average of the peak temperatures (553 K) are representative. 

Figure 13 includes the complete set of enthalpy values together with their 
corresponding references. 
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The experimental value of AHi~~sio, as taken from the average of the 
decomposition data of DPSiO on 56-59 (Table 6, /3 < 8 K ruin-‘) is - 482 
kJ (mol Pd) -’ ( - 115 kcal (mol Pd) - ‘). The corresponding enthalpy value, 
calculated as per eqn. (7) using the above-mentioned estimates, was - 463 kJ 
(mol Pd)-’ (-111 kcal (mol Pd)-‘), which is within 4% of the experimen- 
tally obtained figure. 

We think it unfeasible that nitrogen oxides might be formed during the 
decomposition process for two reasons: firstly, the formation of all of these 
oxides is endothermal, which would imply the obtainment of a larger 
estimate, far from the experimental value, of AHbpsio, and secondly, the 
mass spectra taken by Exner et al. [34] during the decomposition of 
[Pd(NH,)J2+/zeolites in oxygen have not revealed the presence of any of 
these nitrogen oxides. 

The global reaction occurring upon the decomposition in air of DPSiO/ 
56-59 is then that indicated in eqn. (7). However, the DSC spectra show 
that at least two consecutive stages are present. We suggest that these stages 
are the loss and fast decomposition of a first NH, ligand 

[(SiO),]‘- [Pd(NH3)2]2t+ 0.750, 

+ [(SiO)2]2-(Pd)2+ - - - NH, + 0.5N, + 1.5H20 (7a) 

followed by thermal activation and decomposition of the remaining ligand 
from the less unstable [(Si0)J2-(Pd)*+ -. - NH, surface species, whose 
detachment should presumably have a higher activation energy such that a 
second, resolved DSC peak appears under suitable heating rates 

[ (SiO),] 2- (Pd)*+ - - - NH, + 0.750, + [(SiO)2]2-(Pd)2++ 0.5N2 + 1.5H20 

(7b) 

Using again thermodynamic cycles, the calculated enthalpy changes for 
reactions (7a) and (7b) were -147 and -317 kJ (mol Pd)-r (-35.1 and 
- 75.6 kcal (mol Pd)-‘), respectively (i.e. the estimated ratio A H,,,/A H,a = 

2.2). 

TABLE 11 

DSC peak heights ratios corresponding to the decomposition in air, in the high temperature 
region, of precursors of Pd/SiO, catalysts ( amminepalladium complexes ion exchanged on 
G-59 silica gel) a 

Sample 
code 

5G-59 

Heating rate, /3 Peak height ratio 
(K min-l) (2nd/lst) 

2 1.7 
4 2.0 
8 2.1 

a Air flow rate, 150 ml min-1 (at STP). 
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From Table 11 it is seen that the height ratio between the second and the 
first exothermal DSC peaks is about 2, in reasonably good agreement with 
the calculated ratio. Therefore the values of the kinetic parameters of each of 
the consecutive decompositions obtained using the peak temperature method 
(Table 8) should indeed correspond to reactions (7a) and (7b). 

Next, the high temperature decomposition in air of DPSiO on iG-03 will 
be analyzed. As already stated, complex diffusional hindrances are supposed 
to hamper straight-cut answers. Therefore, it is to be expected that the 
ion-exchanged palladium complexes deposited inside the narrow pores of 
this microporous silica would decompose at apparently higher peak temper- 
atures. 

Moreover, the thermal decomposition inside these narrow pores has to be 
quite similar to that under inert atmosphere, i.e. with Pd reduction caused 
by part of the H, produced by the decomposition of NH, ligands, the rest 
of the produced hydrogen then reacting with air from the outside atmo- 
sphere while counterdiffusing to the pore mouths. Coupled endothermal and 
exothermal processes would then be convoluted into the DSC spectra giving 
rise to a “third” peak. 

These second and third peaks cannot correspond to consecutive steps of 
nitrogen oxidation, because they do not tend to coalesce when the heating 
rate, /3, is increased. Furthermore, the valley between them is located in the 
same temperature region where DPSiO decomposes under inert conditions. 

In consequence, and bringing in the conclusive XPS results (Fig. 12 and 
Table 9), we support the hypothesis of palladium being partially reduced on 
7G-03. Then, the thermodynamic cycle depicted in Fig. 13 would still be 
representative of the complete process, under the condition that merely a 
fraction (cp) of the palladium total be allowed to oxidize. So, to estimate the 
total enthalpy change of the decomposition of DPSiO on 7G-03 in air 
( AH&,sio) we GUI now write 

AHbrsio = AH&sio + +AHpdo + +AHson + +AHa + 2AHnZo - AHNn, 

(9) 

where + is the fraction of PdO formed and (1 - +) is that of Pd’. 
Lastly, if + were proportional to the height of the first DSC peak, which 

corresponds to the exothermal decomposition process represented by eqn. 
(7a), the ratio of peak heights at high air flow rates between the signals from 
7G-03 and 56-59 samples (normalized per mol of Pd) would roughly 
indicate the fraction of Pd2+ formed on 7G-03, because on 56-59 all of the 
palladium is oxidized to Pd2+ (Fig. 12). Table 12 shows that cp = 0.6, i.e. 
that about 40% of the palladium would become reduced on 7G-03. Using 
this + value in eqn. (9) gives a calculated total enthalpy change AH,A,sio = 
- 441 kJ (mol Pd)-’ ( - 105 kcal (mol Pd)-l), which is just 5% smaller than 
the experimental value (-465 kJ (mol Pd)-‘). Coincidently, Reagan et al. 
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TABLE 12 

Peak height ratios of the first DSC signals corresponding to the decomposition in air, in the 
high temperature region, of precursors of Pd/SiO, catalysts (amminepalladium complexes ion 
exchanged on G-03 and G-59 silica gels) a 

Heating rate, P Peak height ratios (1st peak) 
(K min-‘) 7G-03/5G-59 b 

2 0.5 
4 0.6 
8 0.6 

’ Air flow rate, 150 ml min-’ (at STP). 
b Each peak height normalized per mol of Pd in the crucible. 

[lo] found about the same proportion of reduced palladium (30% mol 
mol-‘) after decomposing [Pd(NH3)J2’ in air on zeolites. 

313 K drying (air or vacuum) 

[(Si0)212-[Pd(NH3)n(H20) 12* 3Cns4 
4-n 

393 5 T < 453 K 

I 

drying (N2 or air) 

cis(?)-[(SiO)z12-[Pd(NH3)212' 

thermal 

I 

w/exposure to 

decomposition room atmosphere 

[(Si01212-[Pd(NH312(H20~212+ 

Nz , PdO+ 2 SiOH + 1+5 N 
T z 643 K 

2 2 
+ F H2 + (1-E) NH3 

t 

5 s 0.23/ SG-59 

.$ z 0.77/ 7G-03 

3/2 O2 
si-0, 

) 6 (2+) + Cl-$) PdO 
T I 643 K 

/Pd 
si-0 

+ Cl-#) SlOH + (2+#) Hz0 + N2 

$I = 1.0 / SG-59 

Scheme 1. 

# pi 0.6 / 7G-03 
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Summing up, Scheme 1 describes at a glance the complete drying-calcin- 
ing evolution of the silica supported tetramminepalladium complex. 
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