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The catalytic dehydrogenation of isobutane to isobutene over 
two series of platinum-supported aluminophosphate oxynitride 
(Pt-AIPON) catalysts, containing different amounts of nitrogen and 
synthesized using two different platinum precursors, was studied. 
The impregnation and platinum reduction processes result in a par- 
tial loss of nitrogen and a decrease in the specific surface area of the 
AIPON precursors. The surface and bulk structures of the catalysts 
are functions of the nitrogen content of the solid. At low nitrogen 
contents (_<6% w/w), the nitrogen is found mainly on the surface 
of the catalyst as an -NHx species. Above 6% w/w, nitridation of 
the bulk begins. The basicity of the solids increases with increas- 
ing nitrogen content. The conditions under which synthesis takes 
place influence the final nitrogen content and the surface structure 
of the catalysts. Dehydrogenation of isobutane to isobutene of the 
Pt-AIPON catalyst correlates with the basicity of the catalysts. The 
surface structure of the solids also influences the yield of isobutene. 
@ 2000 Academic Press 
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INTRODUCTION 

The production of isobutene is expected to increase in the 
near future. It is estimated that the demand for isobutene 
will increase, because it is a reactant for the synthesis of 
MTBE (methyl tert-butyl ether), used as a gasoline additive 
to improve the octane number  and to limit the production 
of oxidants (1). Of  the different possibilities for producing 
isobutene, the catalytic dehydrogenation of isobutane is of 
considerable importance, because it enables us to obtain 
isobutene from low-cost saturated feedstocks. Numerous 
papers have been published on the catalytic dehydrogena- 
tion of isobutane, and a number  of commercial plants are 
now in operation. Cr-based catalysts, mainly Cr203/A1203, 
are the preferred commercial catalysts (2). However  some 
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problems remain to be solved, including carbon deposition 
on the catalyst, the high temperatures required, and the 
short life of the catalyst. 

Platinum-supported metallosphosphate oxynitrides, 
such as P t - M ( M ' ) P O N  ( M =  A1, Zr; M ' =  Ga, Cr), are 
useful catalysts for the dehydrogenation of isobutane to 
isobutene (3-5). Metallophosphate oxynitrides are obtain- 
ed by activating the oxide precursor M(M')PO in a flow of 
ammonia at high temperatures. This procedure enables the 
partial substitution of the oxygen atoms in the network of 
the phosphate oxide by nitrogen atoms (6, 7). The basicity 
of the oxynitrides thus obtained increases with increasing 
nitrogen content (8-10). One of the advantages of using the 
oxynitrides as supports in bifunctional catalytic reactions 
may be that it is possible to tailor the acid-base properties 
of the solid by controlling the amount  of nitrogen that is 
introduced into the framework. 

We report  the catalytic dehydrogenation of isobutane 
to isobutene over platinum-supported aluminophosphate 
oxynitride (Pt-A1PON) catalysts containing different 
amounts of nitrogen and synthesized using two different 
platinum precursors. We propose that the activity is corre- 
lated with the structure and the acid-base properties of 
the solids. 

METHODS 

The amorphous aluminophosphate precursor, A1PO, 
with a high surface area was synthesized according to the 
citrate method (11). Two aqueous solutions of Al(NO3)3. 
9H20 (Merck) and (NH4)H2PO4 (Merck), with the same 
molarity to obtain an A1/P ratio of 1, were stirred for 1 h at 
room temperature (RT). An excess of citric acid (Merck) 
was then added and the mixture was stirred continuously 
overnight. After  the evaporation of water under  reduced 
pressure, the gel obtained was dried for 10 h at 100°C in a 
vacuum oven (50 mbar). Finally, the solid was calcined for 
16 h at 550°C. 

The A1PO precursor was activated in a flow of pure NH3 
at high temperature. Adjusting the activation temperature 
and duration of nitridation resulted in A1PON solids with 

0021-9517/00 $35.00 
Copyright © 2000 by Academic Press 
All tights of reproduction in any form reserved. 

296 ® 



Pt-A1PON FOR ISOBUTANE DEHYDROGENATION 297 

different O/N ratios. These samples will be referred to as 
A1PONx, x being the nitrogen weight percent of the solid. 
Pt-A1PON catalysts were prepared by impregnation us- 
ing two different platinum precursors. The A1PON sup- 
port, previously dehydrated for 48 h at 100°C, was added 
to a solution containing a sufficient amount  of Pt(acac)2 
dissolved in 20 ml of acetone or a sufficient amount  of 
Pt(NH3)4(NO3)2 dissolved in 20 ml of acetone and 5 ml 
of distilled water. The slurry was stirred continuously and 
dried at RT or after 4-5 h at RT, 1.5 h at 50°C, and 0.5-1 h 
at 75°C. Five milliliters of water was added when impreg- 
nation was carried out with Pt(NH3)4(NO3)2, because this 
salt is not soluble in acetone. 

To obtain the metallic platinum, Pt-A1PON catalysts 
were treated in a flow of N2 and the temperature  was in- 
creased from RT to 500°C at 2.5°C/min; the solid was kept 
at this temperature  for 1 h and was then reduced in a flow 
of pure H2 for 2 h at 500°C. 

Pt-A1PON catalysts are referred to in the text as P t -  
A1PONx-y-Z, where x is the nitrogen weight percent of 
the A1PON support from which they were synthesized, y is 
the platinum precursor used in the synthesis (a = Pt(acac)2, 
n = Pt(NH3)e(NO3)2), and Z is the fresh (F) or reduced (R) 
state of the catalyst. 

The total nitrogen contents of the A1PON and Pt-A1PON 
solids were determined by titration with a sulfuric acid solu- 
tion of the ammonia that was liberated by means of alkaline 
etching at 400°C with molten K O H  under N2 atmosphere 
according to the reaction 

xN 3- + 3xKOH --+ xNH3 + 3(x /2)K20 + 3(x/2)O 2-. 

The measurement  error was calculated to be lower than 
10%. 

The specific surface area was measured according to the 
single-point B E T  method in a Micromeritics Flowsorb II 
2300 apparatus. Before analysis, the samples were degassed 
for 2 h at 200°C in a flow of nitrogen. 

The amount  of platinum was determined in an ICP-AES 
Philips PV8250 spectrometer. 

Platinum dispersion was determined by H2 chemisorp- 
tion in a Micromeritics ASAP 2000 apparatus. Just before 
analysis, the sample was outgassed for 30 min at 120°C and 
for 2 h at 420°C. Then it was cooled to 35°C and reduced 
in pure H2 (Air Liquide, 99.999%) for 15 min at 35°C and 
for 1 h at 450°C. Finally, it was outgassed for 2 h at 420°C; 
the temperature  was lowered to 35°C, the temperature  at 
which hydrogen chemisorption takes place. 

H2 uptake was used to determine the dispersion of the 
metal by assuming that the hydrogen/platinum stoichiom- 
etry is 1. 

In situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) spectra were collected with a 
Brucker IFS88 infrared spectrometer with KBr optics and 

a DTGS detector. The samples were not pretreated a~ad 
were placed into a commercial controlled environmental 
chamber (Spectra-Tech 0030-103) that was attached to a 
diffuse reflectance accessory (Spectra-Tech collector). The 
samples were heated from RT to 500°C in a flow of N2 at 
30 ml min -~ (Air Liquide, 99.999%), and spectra (200 scans, 
4 cm 1 resolution) were obtained after 1 h at this tempera- 
ture. An aluminum mirror was used as the background; data 
are presented in the absorbance mode without treatment. 
Commercial software (Brucker OPUS/IR 2.2) was used to 
calculate the area of the DRIFTS bands after the baseline 
was corrected with a polynomial function. The relative er- 
ror of the calculated area was lower than 25 %. 

The X-ray photoelectron spectroscopy (XPS) analyses 
were performed with an SSI X-Pr0be (SSX-100/206) photo- 
electron spectrometer (Fisons), using a monochromatized 
A1Koe X-ray source (1486 + 1 eV), at a pressure around 
10 -9 Torr (1 Torr = 133.3 N m2). A flood gun set at 6 eV and a 
nickel grid placed 3 mm above the sample surface were used 
for charge compensation. Before analysis, the samples were 
heated at 120°C, twice for 15 min and once for 40 min under 
vacuum in the pretreatment  chamber, and then degassed 
overnight (10 .7 Torr) before being introduced into the anal- 
ysis chamber. The binding energy was calculated with re- 
spect to the C-(C, H) component  of the Cls adventitious 
carbon fixed at 284.8 eV. The spectra were decomposed ac- 
cording to the least-squares fitting procedure (Fisons) with 
a Gaussian/Lorentzian ratio of 85/15 and after subtracting 
a Shirley-type nonlinear baseline. The atomic ratios were 
calculated from the relative intensity corrected by the ele- 
mental sensitivity factors provided by the manufacturer. 

Scanning electron microscopy (SEM) analyses were per- 
formed with a Philips XL 30 ES EM-F EG  microscope using 
a back-scattered electrons detector (BSE). The pressure in 
the analysis chamber was 0.9 Torr and the potential differ- 
ence was 20 kV. 

The dehydrogenation of isobutane to isobutene was car- 
ried out in a conventional continuous flow U-shape quartz 
reactor at atmospheric pressure. In order to avoid intrareac- 
tor gradients, the catalyst powder  was diluted with inert 
quartz balls ( 0  = 0.2-0.8 mm). To secure total reduction of 
all the platinum atoms, the catalyst (0.075 g) was activated 
for I h at 500°C in a flow of H2/He (5/95) at 116 ml min -1. 
The first reaction temperature  (430°C) was fixed and the 
catalytic test begun. Initial activity was determined after 
2 min of reaction. Isobutane in a flow of helium (5/95, Air 
Liquide isobutane N35 in helium N50) at 5.8 ml rain 1 and 
hydrogen in a flow of helium (5/95, Air Liquide hydrogen 
N40 in helium N50) at 34.8 ml min -1 were used as reactants. 
The catalysts were tested at 430,480, 520, and 550~C. Hydro- 
gen was added to the reactant mixture to avoid the forma- 
tion of coke and deactivation of the catalyst. An isobutane- 
to-hydrogen ratio of 1/6 was used, because this ratio gives 
the best isobutene yield (12). Reactants and products were 
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analyzed by gas c h r o m a t o g r a p h y  in a Packard  428 gas chro-  
ma tog raph  equipped  with an Al tech  column ( R S L  160; 60 
m long and 0.32 m m  inner  d iameter)  using a flame ioniza- 
t ion detec tor  (FID) .  Total i sobutane  convers ion is defined 
as the percen tage  of  i sobutane  t ransformed into all p rod-  
ucts. The selectivity of  i sobutene  is defined as the percent-  
age of  the total amoun t  of  t ransformed isobutane  which is 
conver ted  into isobutene.  The  yield of  i sobutene  is ob ta ined  
by multiplying the selectivity (%)  by the total convers ion 
(%)  divided by 100. 

RESULTS 

Catalysts 

Table 1 shows the physical  proper t ies  of  the studied solids. 
The specific surface area of  the solid precursors  with- 

out  p la t inum decreases  as the ni t rogen content  increases. 
Impregna t ion  affects the specific surface area and the to- 
tal n i t rogen conten t  of  the solids, especially those synthe- 
sized f rom A 1 P O N  with a high surface area and low nitro- 
gen content .  For  the P t - A 1 P O N  solids that  originate f rom 
A1PON17.8, these parameters  are more  or  less constant .  
The specific surface area and the ni t rogen content  of  the 
catalysts synthesized f rom A1PON4.3,  however ,  s t rongly 
decrease. This decrease  is greater  in the case of  the P t -  
A1PON catalysts impregna ted  with the Pt(NH3)4(NO3)2/ 
ace tone/water  solut ion due to the presence  of  water;  wa- 
ter induces the hydrolysis of  the solid, a react ion which 
was found  to p roceed  with a loss of  ni t rogen and surface 
area (13, 14). The reduc t ion  step induces a considerable  de- 
crease in the n i t rogen conten t  of  all the solids, while the sp- 
ecific surface area is affected only when the solids are syn- 

thesized f rom A1PON4.3. A loss o f  94% of  the surface area, 
far greater  than that  for the P t -A1PON4.3 -n -R  solid, is ob- 
served on the reduced  sample of  P t -A1PON4.3 -a -R  com- 
pared  to the fresh sample of  P t -A1PON4.3 -a -E  This may  be 
due to the difficulty in controll ing the t empera tu re  during 
the reduc t ion  step. 

The dispersion of  p la t inum in the catalysts is very low; it 
is mode ra t e  (29.2%) only on P t -A1PON4.3-n-R.  The SEM 
micrographs  (Fig. 1) reveal  a regular  distr ibution of  plat- 
inum particles, with an average size of  20 nm, and some 
agglomera tes  of  about  1 /xm. There  are m o r e  agglomer- 
ates in the low-dispersion catalysts. The lower  the ni t rogen 
conten t  of  the A 1 P O N  precursor,  the higher  the plat inum 
dispersion of  the P t - A 1 P O N  catalysts. O n  the o ther  hand, 
Pt(NH3)e(NO3)2 catalysts show a greater  dispersion of  Pt 
than Pt(acac)2 catalysts. 

DRIFTS Study 

Figure 2 shows in situ D R I F T S  spectra,  ob ta ined  at 500 ° C 
for  the A1PO and A I P O N  supports  and for  the fresh and 
the reduced  P t - A 1 P O N  catalysts, a r ranged  according to 
the increasing content  of  n i t rogen in the bulk. The dif- 
ferences in the quali tative D R I F T S  spectra  of  the solids 
arise f rom the different contents  of  ni trogen.  The A1PO 
sample  shows hydroxyl  bands  of  m o d e r a t e  intensi ty (POH,  
3670 cm -1, and A1OH, 3783 cm i), an intense P = O  and 
PO2 absorpt ion  centered  at 1348 cm -1, and a characterist ic 
s t ructure of  bands due to stretching vibrations of  A1-O and 
P - O  be low 1200 cm -1 (15, 16). A 1 P O N  suppor ts  and P t -  
A 1 P O N  catalysts have fewer  intense hydroxyl  bands, and 
- N H - ( 3 3 6 0  cm -1) and - N H 2  (1558 cm -1) are n i t rogenous  
species found  on their surface at this tempera ture .  Bands  

TABLE 1 

Physical Properties of the Studied Solids 

A1PO - -  - -  316 - -  - -  - -  
Pt-A1PO-a-F - -  - -  211 33 0.75 - -  
Pt-A1PO-a-R - -  210 33 0.75 1.5 
A1PON4.3 4.3 - -  200 - -  - -  - -  
Pt-A1PON4.3-a-F 3.4 21 170 15 0.60 - -  
Pt-A1PON4.3-n-F 3.1 28 81 59 0.77 - -  
Pt-A1PON4.3-a-R 0.8 81 11 95 0.60 7.0 
Pt-A1PON4.3-n-R 0.5 88 63 68 0.77 29.2 
A1PON13.3 13.3 - -  130 - -  - -  - -  
Pt-A1PON13.3-a-F 11.4 14 130 0 0.89 - -  
Pt-A1PON13.3-n-F 9.5 29 62 52 0.96 - -  
Pt-A1PON13.3-a-R 5.7 57 130 0 0.89 4.0 
Pt-A1PON13.3-n-R 6.2 53 62 52 0.96 5.8 
A1PON17.8 17.8 - -  55 - -  - -  - -  
Pt-A1PON17.8-a-F 17.8 0 55 0 0.45 - -  
Pt-A1PON17.8-n-F 17.4 2 55 0 1.09 - -  
Pt A1PON17.8-a-R 14.4 19 55 0 0.45 2.2 
Pt-A1PON17.8-n-R 13.1 25 55 0 1.09 5.5 

N content N loss SBE T aBET loss Pt content Pt dispersion 
Sample (% w/w) (%) (rn 2 g-l) (%) (% w/w) (%) 



Pt-A1PON FOR ISOBUTANE DEHYDROGENATION 299 

FIG. 1. SEM micrograph of Pt-AIPON4.3-n-R catalyst. 
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FIG. 2. (Left) In situ DRIFTS spectra, obtained at 500°C, of all solids studied arranged according to the increasing content of nitrogen in the 
bulk. (A, Pt-AIPO-a-F; B, Pt-A1PO-a-R; C, Pt-AIPON4.3-n-R; D, Pt-A1PON4.3-a-R; E, Pt-AIPON4.3-n-F; F, Pt-A1PON4.3-a-F; G, A1PON4.3; H, 
Pt-AIPON13.3-a-R; I, Pt-A1PON13.3-n-R; J, Pt-A1PON13.3-n-F; K, Pt-A1PON13.3-a-F; L, Pt-A1PON17.8-n-R; M, A1PON13.3; N, Pt-A1PON17.8- 
a-R; O, Pt-A1PON17.8-n-F; R Pt-A1PON17,8-a-F). (Right) Quantification of the DRIFTS bands ascribed to - N H -  and -NH2 species as a function of 
the bulk nitrogen content of the solids (* DRIFTS bands of NH4 + ions adsorbed on the SeZn windows of the DRIFTS chamber). 
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FIG. 3. Correlation between the position of the main DRIFTS band and the bulk nitrogen content of the solids. 

of adsorbed NH + ions on the SeZn windows of the DRIFTS 
chamber are also observed at 3144, 3030, 2828, and 1400 
cm -1 in several spectra, proving that gaseous ammonia 
desorbs from the surface of the catalyst during heat- 
ing (13, 14). The quantification of the - N H -  and -NH2 
DRIFTS band areas (Fig. 2) shows that the concentration 
of these species on the surface increases with the N con- 
tent of the solid until a constant value higher than 6% is 
reached for the contents of N. At  this level, we assume 
that the surface of the catalyst is saturated with these sur- 
face nitrogenous species. On the other hand, the spectra 
are dominated by an intense and wide absorption due to 
the overlapping P=O,  P02, -P=N,  and - N = P - N ~  stretch- 
ing vibration bands of the solid, located in the 1320 to 
1350 cm -1 region, its position shifting to lower wavenum- 
bers with the nitrogen content of the solid (Fig. 3). This shift 
has been related to the increase in the - P = N  contribution 
of the band (14). In fact, the wide band can be divided into 
three components at 1401, 1342, and 1316 cm -1, assigned 
to P = O  groups, with (1342 cm -~) or without (1401 cm -a) 
aluminum atoms in the second coordination sphere of phos- 
phorus, and - P = N  bonds (1316 cm -1) (Fig. 4) (14). In good 
agreement with this assignment, as the content of nitro- 
gen in the solid increases, the area of the P = O  bands de- 
creases, while that o f - P = N  increases (Fig. 4). Another  in- 
teresting observation is that the structure below 1200 cm -1 
is destroyed when the nitrogen content of the catalysts is 
above 6%. This has been observed for A1PON and A1- 
GaPON solids and is related to the replacement of the oxy- 
gen atoms in the bulk by nitrogen (16). Thus, it is indicative 
of the nitridation of the solid. It is noteworthy that bulk 
nitridation begins at about the same content of nitrogen 

(~6% w/w) as does saturation of the catalyst surface with 
surface nitrogenous species ( -NH-  and -NH2). This is in 
good agreement with some of the proposed mechanisms 
that established that bulk nitridation of A1PO solids does 
occur once surface saturation with -NH2 and - N H -  groups 
is reached (16, 17). The removal of nitrogen through 
impregnation and/or reduction treatments proceeds ac- 
cording to a similar mechanism, affecting surface nitro- 
gen first and then bulk nitrogen. The fact that surface 
nitrogenous species are detected in all solids is the re- 
sult of hydrolysis of the surface of the catalysts with 
gaseous water, that is present under standard storage con- 
ditions, resulting in their regeneration from bulk nitrogen 
(13, 14). 

XPS Study 

Table 2 shows the binding energy values obtained for the 
A1PO, A1PON, and fresh and reduced Pt-A1PON series. As 
the nitrogen content increases the binding energy of A1, E 
O, and N decreases. This shift has been assigned to a long- 
term interaction caused by a modified framework in which 
oxygen is replaced by nitrogen (17), because nitrogen is 
less electronegative (a better electron donor) than oxygen. 
The decreasing binding energy of A1 and P means that 
these atoms behave less like electron acceptors, while the 
decreasing binding energy of O and N indicates that they 
behave more like electron donors. This behavior indicates 
an increase in the basicity and a decrease in the acidity of 
the solid with increasing nitrogen content. This has been 
clearly shown for A1PON solids (8). The low intensity of 
the platinum peaks, due to the small amount of platinum 
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3 0 1  

E b ( e V )  
N content  

Sample (% w/w) A12s A12,o P 2p Pt  4f  Pt  4d5 O ls  N ls  

A1PO 
Pt-A1PO-a-F - -  120.2 75.3 134.7 74.8 315.1 532.3 400.7 
P t -A1PO-a-R - -  120.3 75.5 134.9 74.8 314.9 532.5 400.9 
Pt-A1PON4.3-n-R 0.5 120.0 75.6 134.9 75.4 316.0 532.4 401.0 
Pt -AIPON4.3-a-R 0.8 120.0 75.4 134.8 74.7 315.9 532.3 400.8 
Pt-AIPON4.3-n-F 3.1 120.1 75.3 134.4 75.4 316.3 532.1 399.3 
Pt-A1PON4.3-a-F 3.4 120.1 75.2 134.5 75.7 315.8 532.2 399.5 
A1PON4.3 4.3 120.0 75.1 134.4 - -  - -  532.1 399.2 
Pt-AIPON13.3-a-R 5.7 119.9 74.9 134.3 76.1 315.4 532.1 398.3 
Pt-A1PON13.3-n-R 6.2 120.1 75.3 134,5 76.9 316.1 532.3 398.8 
Pt-A1PON13.3-n-F 9.5 119.7 74.8 134,0 76.4 316.3 531.9 398.8 
Pt-A1PON13.3-a-F 11.4 119.8 74.9 134.1 76.3 315.9 532.0 398.5 
Pt -AIPON17.8-n-R 13.1 119.6 74.7 133.9 76.1 315.5 531.9 398.2 
AIPON13.3 13.3 119.6 74.8 133.8 - -  - -  531.9 398.2 
Pt-A1PON17.8-a-R 14.4 119.8 75.0 134.2 76.4 316.0 532.0 398.3 
Pt-A1PON17.8-n-F 17.4 119.3 74.4 133.6 76.0 315.8 531.6 398.4 
AIPON17.8 17.8 119.6 74.7 133.8 - -  - -  531.9 
Pt-AIPON17.8-a-F 17.8 119.5 74.7 133.6 74.7 315.7 531.7 398.2 
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FIG. 4. (Right) Decomposi t ion of the main  DRIFTS band in the f ramework of the  solids as a function of the  total ni trogen content. (Left) 
Quantification of the DRIFTS bands  resulting from the decomposit ion.  
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FIG. 5. (Left) N ls  XPS spectra of the solids as a function of the total nitrogen content of the surface. The relative intensity of each spectrum has 
been normalized. (Right) Evolution of the surface nitrogenous species as a function of the total surface nitrogen content. 

(~ l% w/w), makes the error in the value of its binding 
energy very high. 

A1, P, and O peaks fit a singular component quite well; 
however, the shape of the N ls peak shows some asymme- 
try and changes with the nitrogen content, making a de- 
composition treatment necessary (Fig. 5). At low nitrogen 
contents (<1% w/w), only one peak, at about 400.8 eV, is 
detected. From =3 to --~4 nitrogen weight percent, this peak 
shifts to 402.2 eV and a second component emerges at about 
399.3 eV. At higher nitrogen contents, a third component 
appears at about 397.6 eV, and the component at 402.2 eV 
disappears. The evolution of the atomic percentages for the 
three N ls components, as a function of the XPS total nitro- 
gen content, is also shown in Fig, 5. The assignment of these 
three components is not evident since >N-, =N-,  -NH-,  
-NH2, and adsorbed NH3 and NH + species have been found 
on the surface of A1PON and other oxynitride systems, all of 
which give close N ls binding energies (17-23). Fripiat et al. 
(23) observed that ZrPON samples have a similar number 
of N ls components at similar positions and which evolved 
in a similar manner. After a comprehensive study of the lit- 
erature, comparing it with their own results, they assigned 
the N ls peaks as follows: 397.6 eV to structural nitrogen 
(>N- or =N-),  399.3 eV to NHx (x = 1, 2), and 400.8 eV to 

adsorbed nitrogenous species (NH3 and/or NH+). The peak 
that we observed at 402.2 eV at low nitrogen contents can 
also be assigned to adsorbed species (24). Adsorbed am- 
monia species are found on the surface of all the A1PON 
catalysts at room temperature (13, 14) and, in most cases, 
disappear after pretreatment (120°C under 10 .6 Tort vac- 
uum). Only in solids with very low contents of nitrogen, 
which are more acidic (8-10), are these species still found on 
the surface after pretreatment; they are strongly attached to 
the surface, thus explaining the peaks at 400.8 and 402.2 eV. 
Thus, the acid-base properties of the catalysts can influ- 
ence the composition of the surface as determined by XPS. 
Figure 6 presents weight/weight percentages of nitrogen in 
the bulk and on the surface. Both measurements correlate 
quite well for A1PON precursors. However, fresh and re- 
duced Pt-A1PON catalysts have a lower content of nitrogen 
on the surface than in the bulk. This may be due to the des- 
orption of nitrogenous species from the surface of the cata- 
lysts during heating in the pretreatment vacuum chamber. 
As this effect is more important in the reduced Pt-A1PON 
series and is also observable even for similar contents of ni- 
trogen, we can discard the effect of the different basicity due 
to the presence of nitrogen and we must relate this to the 
presence of platinum which favors the surface nitrogen loss. 
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Catalytic Test 

Table 3 shows initialisobutane conversions and isobutene 
selectivities obtained for the catalysts tested at the tempera- 
tures indicated. Isobutene selectivity is always around 90% 
indicating the low extension of the side reactions (isomer- 
ization, cracking, and hydrogenolysis). Thus, only traces of 
methane, ethane, ethylene, propane, propylene, n-butane, 
and cis- and trans-2-butene are observed for the most active 
catalysts at high temperatures. However, isobutane con- 
version varies considerably from one catalyst to another 
as well as with temperature. In general, initial isobutane 
conversion reaches a maximum at 520°C. The best yield of 
isobutene is about 56 %, similar to that obtained with a com- 
mercial catalyst (2). At 430°C, no deactivation of the cata- 
lysts is detected after 14 h of reaction. However, at 480°C 
catalysts are deactivated rapidly. On the basis of carbon 

chemical analyses, this deactivation in Pt-A1GaPON cata- 
lysts has been related to the deposition of coke on the sur- 
face of the catalysts (25). Figure 7 shows the isobutene yield 
per unit of surface, at the lowest (430°C) and the highest 
(550°C) temperatures tested, as a function of the surface 
nitrogen content of the solid. For each series of catalysts, 
the isobutene yield increases with the increasing nitrogen 
content to a more or less constant value for surface nitro- 
gen contents higher than 4-6 wt%. Furthermore, the series 
synthesized from Pt(NH3)4(NO3)2 is more active than that 
synthesized from Pt(acac)2. 

D I S C U S S I O N  

All the characterization techniques used in this study 
(XPS, DRIFTS, and SEM) do not differentiate between the 

TABLE 3 

Ini t ial  I sobutane  Conversions (C)  and  Isobutene  Selectivities (S) Obta ined  in the  Catalyt ic  Test 

430°C 480°C 520°C 550°C 

Sample C (%) S (%) C (%) S (%) C (%) S (%) C (%) S (%) 

Pt A1PO-a-R 8.71 92.21 8.46 89.44 8.75 84.69 6.93 85.08 
Pt-AIPON4.3-a-R 0.71 100 1.28 100 1.66 100 1.74 100 
Pt-AIPON4.3-n-R 0.84 100 1.85 100 1.79 100 1.55 100 
Pt-AlPON13.3-a-R 18.67 73.65 50.71 85.30 66.28 82.79 67.61 83.23 
Pt-A1PON13.3-n-R 19.75 92.94 23.65 91.74 45.63 91.74 42.93 91.95 
Pt-A1PON17.8-a-R 11.60 98.76 29.10 95.62 31.09 94.46 24.64 94.88 
Pt-AIPON17.8-n-R 18.60 94.38 42.84 90.39 49.40 90.47 42.29 91.61 
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two series of Pt-A1PON catalysts. The differences among 
the solids arise only from the total nitrogen content and the 
concentration of the different nitrogen species, suggesting 
that the structure of the precursor is not modified during 
the impregnation and reduction steps. 

The nature of the platinum precursor and the synthe- 
sis conditions influence both the final nitrogen content and 
the specific surface of the solids and has little effect on the 
dispersion of platinum. Thus, catalysts synthesized from 
Pt(NH3)4(NO3)2 always have a lower content of nitrogen 
and a smaller specific surface area than those synthesized 
from Pt(acac)2, probably due to the water which hydrolyzes 
the solid surface. The presence of NO~ ions during synthe- 
sis can also contribute to the greater loss of nitrogen that is 
observed in catalysts derived from Pt(NH3)4(NO3)2; these 
anions can react with adsorbed ammonia species to give 
molecular nitrogen (26). 

The nitrogen contents of the bulk and the surface of the 
A1PON precursors are similar (Fig. 6). However, for 
the Pt-A1PON catalysts, with high contents of nitrogen, 
the nitrogen content of the surface, as deduced from XPS, 
is always lower than the total content obtained by titration. 
These differences can be explained by the removal of ni- 
trogenous species from the + surface, mainly NH4, as a result 
of the pretreatment in the XPS chamber (120°C, 10 .6 Torr). 
As explained in the Results section, the acidity of the cata- 
lyst surface at low nitrogen contents is high; these species 
are strongly attached to the surface and remain there, even 
after pretreatment. In this case, the nitrogen contents of the 
surface and the bulk of A1PON precursors and Pt-A1PON 

catalysts are the same. However, at high nitrogen contents, 
the acidity of the surface is lower, and these species will 
probably be removed. In this situation, while the number 
of surface nitrogenous species removed from A1PON sup- 
ports during pretreatment is within the measure error, it is 
too low to be detected in the Pt-A1PON solids. This sug- 
gests that the presence of platinum on the surface favors 
the loss of surface nitrogenous species during pretreatment. 
This effect is clearer in the reduced catalysts, indicating a 
stronger effect of the metallic state of the platinum atoms. 
On the other hand, no differences were found between the 
two series of catalysts. 

When the nitrogen content of the solid increases, it be- 
comes more basic, as can be deduced from the decrease in 
the binding energy of A1, R O, and N atoms. However, at low 
nitrogen contents, surface nitrogenous species (-NH- and 
-NH2 at high temperatures, and NH + at low temperatures) 
only are detected by DRIFTS. The surface concentration of 
these species increases with higher nitrogen contents until 
the entire surface is covered (about 6% w/w) (Fig. 2). At 
higher nitrogen contents, bulk nitridation begins. The com- 
position of the surface, deduced from XPS, shows that as 
the nitrogen content of the surface increases, the numbers 
of surface ions (-NH- and -NH2) and nitride ions increase 
(Fig. 5). A change in the slope (or a plateau) of the sur- 
face N3-/NHx ratio as a function of the total nitrogen con- 
tent of the surface is observed when the nitrogen content 
reaches --11% (Fig. 8). This suggests a change in the struc- 
ture of the surface of the catalysts. Thus, the incorporation 
of nitrogen into metallophosphates has been reported to 
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produce [PO3N] and [PO2N2] polyhedra (27); it has been 
suggested that [A1PO4], [A1PO3N], and [A1POzN2] polyhe- 
dra form the bulk structure of A1PON solids, their propor- 
tion changing with the nitrogen/oxygen substitution ratio 
(17). A bulk structure consisting only of [A1PO3N] units 
gives an 11.6% (w/w) nitrogen content in the solid, very 
close to the experimental value observed from which the 
surface nitride-to-NHx ratio changes. If only [A1PO2N2] 
units were present, then the nitrogen content would be 
23.5% (w/w). The maximum nitrogen content reported for 
aluminophosphate oxynitrides is 27.5% (w/w), which cor- 
responds to the nitrogen content of [A1PO2N2] (6). This 
change in structure could induce a change in the surface 
nitride-to-NHx (x-----1, 2) species ratio. This change in the 
structure of the surface may be related to the bulk nitrida- 
tion, as deduced from DRIFTS. The differences in the ni- 
trogen content at which the change is observed arise from 
the different surface sensitivity of both techniques. 

The activity of the catalysts seems to be related to the 
acid-base character of the catalysts, because the yield of 
isobutene per surface unit is a function of the nitrogen con- 
tent (Fig. 8), and this parameter determines the sample ba- 
sicity. The surface nitride-to-NHx ratio is also related to 
the nitrogen content of the surface of the solid (Fig. 8) as 
well as to the activity. The plateau which activity reaches at 
high nitrogen contents is related to the change in the sur- 
face structure of the catalysts, as deduced from the plateau 
observed in Fig. 8. 

Thereafter, the activity of the Pt-A1PON catalysts in the 
dehydrogenation of isobutane to isobutene seems to de- 
pend on the acid-base properties and on the structure of 

the solid. An increment in the nitrogen content of the solid 
makes it more basic, which has a positive effect on the ac- 
tivity. However, the ratio between the [A1PO4], [A1PO3N], 
and [A1POzN2] polyhedra present on the surface of the cata- 
lyst can be influenced by the synthesis conditions. This ef- 
fect of structure can explain the higher activity of the cata- 
lysts synthesized from Pt(NH3)4(NO3)z. The use of water in 
the synthesis, which favors surface hydrolysis and the loss 
of surface nitrogenous species, or the different precursor- 
surface interactions, can all lead to a surface [A1POxNy] 
polyhedra ratio different from that obtained when using 
Pt(acac)2 as the platinum precursor. However, since acidic 
and basic sites coexist in all solids and all these sites are 
active to some degree, both sites are probably needed for 
the reaction. Thus, activation of the C-H bond can occur 
by abstraction of a proton on a basic site, the anionic in- 
termediate being stabilized on an adjacent acidic site. The 
structure of the solid also affects the activity, since it pro- 
duces a change in the surface N3-/NHx ratio. The activa- 
tion of the C-H bond would be the limiting step of the 
reaction, thus explaining the increase in the activity with 
increasing basicity of the solid. In the final step, another 
proton abstraction is produced and the alkene is formed 
and released from the surface. The surface of the catalyst 
is regenerated by the formation of gaseous H2. The role 
of metallic platinum would be to increase the rate of this 
acid-base reaction by providing a porthole for hydrogen. 
The greater dispersion of platinum observed in the catalysts 
synthesized from Pt(NH3)4(NO3)2 compared to those pre- 
pared from Pt(acac)2 (Table 1) can also contribute to the 
high activity of these samples. However, the differences in 
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Pt dispersion are negligible. In the sample with a moderate 
dispersion (Pt-A1PON4.3-n-R, 29.3%), the nitrogen con- 
tent is so low (0.5 % w/w) that the basicity of the solid is too 
low to enable high activity. 

The deactivation observed at high temperatures has been 
related to the formation of coke on the surface of the cata- 
lyst (25). However, it has been reported that Pt-A1PON 
catalysts lose nitrogen as gaseous ammonia at high temper- 
atures (14); thus, a change in the structure of the catalyst 
and/or in the nitrogen content of the solids during the reac- 
tion cannot be ruled out. This would make the catalysts less 
basic and would contribute to a decrease in the detected 
activity. 

CONCLUSIONS 

Pt-A1PON catalysts, prepared by impregnation of 
Pt(acac)2 and Pt(NH3)a(NO3)2, are active catalysts for the 
dehydrogenation of isobutane to isobutene. The activity of 
these catalysts is a function of their basicity and the surface 
structure (ratio among the different [A1POxNy] polyhedra 
on the surface of the catalyst) of the solid. Since both ba- 
sicity and surface structure are functions of the nitrogen 
content, special attention must be paid to the control of 
this parameter. 
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