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The catalytic transformations of n-butane were performed
over a platinum-promoted manganese-substituted aluminophos-
phate molecular sieve (Pt/MnAPO-11), and over a Pt promoted
manganese-supported aluminophosphate molecular sieve (Pt/Mn/
AlPO4-11). For comparison purposes, the reactions were also
carried out over a Pt-supported AIPO4-11 molecular sieve (Pt/
AlIPOs-11). X-ray diffraction (XRD) was used to determine the crys-
tallographic structure of the unpromoted and Pt-promoted samples.
Phosphorous 31-magic angle spinning-nuclear magnetic resonance
(3'P MAS NMR) spectroscopy was used to study the possible
31p—-Mn(II) dipolar interaction. Bronsted and Lewis acidity were
measured by pyridine chemisorption at different temperatures.
Pt dispersions were determined by hydrogen chemisorption. CO
chemisorption followed by IR spectroscopy was used to corroborate
the dispersion measurements and to evaluate possible changes in
the electronic density of the Pt phase. The catalytic results indicate
higher yields (and selectivities) for the production of isobutane
and isobutene over the Pt/MnAPO-11, compared with those
observed over the Pt/Mn/AIPO4-11 and Pt/AIPO4-11 samples. Also,
a severe decrease in the yield, in the selectivity and in the turnover
frequency (TOF), for the formation of hydrocarbons with less than
four carbon atoms, was observed for the Pt/MnAPO-11 system
when compared with the Pt/Mn/A1PO4-11 and Pt/A1PO4-11 solids.
A larger number of (moderate + strong) Bronsted acid sites was
found for the MnAPO-11 solid compared to the Mn/AIPO4-11 and
AlPO4-11 samples. For the last two solids, no Bronsted acidity
was detected after evacuation of the catalyst at 623 K. 3'P MAS
NMR results showed an increase in the intensity of the side bands,
probably due to an anisotropic paramagnetic shift caused by a
stronger dipolar interaction between the 3'P and the paramagnetic
Mn(II) ions on the MnAPO-11 sample, when compared with the
Mn/A1POs-11 solid. These results suggest a better dispersion of the
manganese species on the MnAPO-11 solid, which would facilitate
the above mentioned 3'P-Mn(II) interaction. The addition of
platinum decreased the Lewis and Bronsted acidity for all the
catalysts studied. The Pt dispersions were 68%, 59%, 49% for the
Pt/AIPO4-11, for the Pt/Mn/AIPO4-11 and for the Pt/MnAPO-11
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solids, respectively. The constant value obtained for the IR CO-Pt
stretching frequency (Pt/AIPO4-11 and Pt/MnAPO-11 samples)
(ca 2067 cm™), as well as the drop in the Pt dispersion observed
for the manganese containing solids, suggest an ensemble effect
as responsible for the differences observed in the yield, selectivity,
and TOF of formation of hydrocarbons with <C4. The higher yield
and selectivity observed for the formation of iso-C4 and iso-C4=
hydrocarbons over the Pt/MnAPO-11 solid, were accounted for in
terms of the largest number of (moderate + strong) Bronsted acid
sites found on this solid. The catalytic and characterization results
suggest the incorporation of manganese into the molecular sieve
structure, for the Pt/MnAPO-11 sample.  © 1998 Academic Press

Key Words: n-butane; Mn-aluminophosphates; molecular sieves;
skeletal isomerization; dehydrogenation; platinum; Bronsted acid-
ity; dehydroisomerization.

INTRODUCTION

The new requirements for reformulated gasolinesinclude
the reduction of volatile compounds (particularly, linear
C4 and CS5 hydrocarbons), the decrease in the amount of
olefins present in the gasoline and the addition of oxy-
genated compounds, which can act as octane enhancers
(1,2). Light unbranched paraffins are common byproducts
found in refineries which can undergo dehydrogenation
and skeletal isomerization, in different industrial processes
(3-8), to yield branched olefins such asisobutene. The latter
is a very valuable feedstock since it can react with methanol,
generating methyl tert-butyl ether (MTBE), an important
octane booster oxigenated fuel additive (1, 2). The dehy-
droisomerization of n-butane can, in principle, take place in
a single process, thus decreasing the costs involved with two
separate catalytic reactors. The reaction should be carried
out under carefully controlled experimental conditions;
e.g., the dehydrogenation reaction is favored at high tem-
peratures but the skeletal isomerization is not (exothermic
reaction). Highly selective catalytic systems are also neces-
sary, in order to optimize the production of isobutene. Con-
comitantly, the direct transformation of n-butane can also
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yield appreciable amounts of isobutane, a valuable feed-
stock used in the production of isooctane (by reaction with
n-butenes) (9).

The catalyts usually employed in the hydroisomeriza-
tion of paraffins are bifunctional (10-13). These have
hydrogenating—dehydrogenating (metallic) sites as well as
moderate + strong acid centers necessary for the skeletal
isomerization process.

Metal-substituted aluminophosphates (MeAPQO’s) (14—
17), silicoaluminophosphates (SAPQO’s), and metal-substi-
tuted silicoaluminophosphates (MeAPSO’s) (15-23), have
been reported active for the skeletal isomerization of
1-butene. The high selectivity shown for the formation
of isobutene over these solids has been associated with
a specific acid site distribution and a particular crystal
topology which minimize undesirable side reactions such
as cracking and oligomerization.

Yang et al. (17) studied a series of MeAPO’s for the
skeletal isomerization of 1-butene. High selectivities for
the latter were observed over Co, Zn, and Mn substituted
aluminophosphates. Recently, we reported (15, 19) an in-
crease in the acidity of a series of substituted MeAPO’s-11
(Me =Mn, Cr, Fe), which caused an increase in the se-
lectivity toward isobutene, compared to the unsubstituted
AlIPO4-11 matrix. Different substitution models, depend-
ing on the metal oxidation state and stability of the metal
species in the framework, were proposed to account for
the results. In particular, for Mn(II), the model advanced
by Gielgens et al. (14) was used to explain the increase in
acidity observed when the metal was incorporated into the
aluminophosphate structure, in agreement with other re-
ports (24).

From the above discussion it follows that Mn-alumino-
phosphate molecular sieves meet the acidity and crystal
topology requirements necessary for the skeletal isomer-
ization of 1-butene. The main purpose of the present work
is to study the direct dehydroisomerization of n-butane
on a manganese-substituted aluminophosphate molecular
sieve and on a manganese-supported aluminophosphate
molecular sieve, promoted with a dehydrogenating agent
(Pt), PUMnAPO-11, and Pt/Mn/AlPO4-11, respectively.
The results were compared with those obtained on a Pt
promoted aluminophosphate molecular sieve (Pt/AIPO4-
11). The formation of isobutene and isobutane was
evaluated, as well as the formation of other reaction prod-
ucts (C1-C3 hydrocarbons, n-butenes, etc.). X-ray diffrac-
tion, *'P MAS NMR spectroscopy, acidity measurements
(irreversibly chemisorbed pyridine, followed by infrared
spectroscopy (IR)), CO chemisorption followed by IR
spectroscopy, and metallic dispersion measurements (H;
chemisorption), were used as characterization techniques.
The results are discussed in terms of the possible mech-
anism of incorporation of manganese into the molecular
sieve structure.

EXPERIMENTAL

L Catalysts

The synthesis procedure for the AIPO4-11 has been re-
ported elsewhere (25). The gel molar composition was
A1203 . P205 :DPA: 50H20.

The synthesis of the MnAPO-11 was performed accor-
ding to the following scheme: The alumina source (pseu-
doboehmite, Catapal B from Vista Chemical Co.) was ad-
ded to a diluted solution of phosphoric acid (Aldrich). The
manganese promoter (Mn(CH3zCOO),-4H,0, (Merck))
was then incorporated, followed by a stirring period of 2 h.
The final step was the addition of the organic template,
(di-n-propylamine (DPA) (Aldrich)), which was followed
by a stirring period of 2 h. The gel molar composition was
0.9A1,03:P,05:0.2MnO : DPA : 40H,0. A final crystalliza-
tion temperature of 423 K and a crystallization time of 72 h
were employed. The solid was first washed with distilled
water and dried at 383 K for 16 h. The catalyst was then
calcined under dry air at 783 K for 4 h in order to remove or-
ganic residues. A supported Mn/AIPOy-11 catalyst was pre-
pared by impregnating a sample of AIPOy4-11 with the same
manganese promoter, using the incipient wetness technique
(3.1 wt% Mn). This sample was then dried and calcined fol-
lowing the procedure described for the MnAPO-11 catalyst.

The Pt-promoted catalysts were prepared by impreg-
nating the different calcined solids with [Pt(NH3)4(NO3);]
(BDH, reagent grade) (26-28). The solids were dried un-
der vacuum at 353 K. In order to decompose the Pt com-
plex, the catalysts were calcined under a stream of dry air
(30 cm*/min), using the following procedure: The temper-
ature was increased up to 423 K (5 K/min) followed by a
2-h period at the same temperature. The latter was then in-
creased up to 573 K (5 K/min) and kept constant for 16 h.
The Pt loading was 0.5 wt% Pt for all the Pt promoted
solids.

For further experimental details dealing with the prepa-

ration and chemical analysis of the catalysts see Refs. (15,
25).

1I. Procedures

X-ray diffractograms were recorded with a Philips
diffractometer PW 1730 using Co-Ko radiation (A=
1.790255 A) operated at 30 KV, 20 mA and scanning speed
of 2° (26/min).

3'PMASNMR experiments were performed on a Bruker
MSL spectrometer, operating at 121.44 MHz for *'P. Other
experimental details have been described previously (15).

Specific surface areas and microporous volumes were de-
termined on a commercial Micromeritics ASAP 2400 sur-
face area analyzer at liquid nitrogen temperature.

H, chemisorption experiments were performed in a con-
ventional BET system similar to that used in Refs. (29-31).
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Catalyst samples of approximately 0.2 g were placed in
a glass microreactor and reduced in situ with pure H;
(60 cm®min) for 2 h at 773 K. After evacuating the catalysts
at the same temperature for 1 h, two adsorption isotherms
were obtained at room temperature. The linear region of
the first isotherm was extrapolated to zero pressure in order
to calculate the amount of physisorbed and chemisorbed
H,. After an evacuation period of 1 h, the second isotherm
was obtained. The same procedure (as in the first isotherm)
was used to calculate the amount of physisorbed H,. The
irreversibly held H, was calculated from the difference be-
tween both values. A 1:1 H: Pt stoichiometry was assumed
to calculate the metallic dispersion (H/Pt) (32, 33).

Infrared spectra were recorded at room temperature us-
ing a Perkin—Elmer 1760X FTIR spectrometer with a reso-
lution of 2 cm~!. The IR cell described previously (29-31)
had a built-in furnace which was used to pretreat samples
in situ at high temperatures. The cell could be attached to
the BET vacuum system mentioned above. Samples were
mounted in the cell as wafers having a thickness of approx-
imately 10-20 mg/cm?. Before the addition of CO or pyri-
dine, the samples were reduced with pure H, (60 cm®/min)
at 773 K for 2 h. The catalysts were then evacuated (P <
2-107° Torr) for 1 h at the same temperature and cooled to
the corresponding chemisorption temperature under vac-
uum.

The CO chemisorption experiments were performed as
follows: After the corresponding pretreatment, purified CO
(~50 Torr) was admitted into the IR cell at room temper-
ature and the IR spectrum was registered. The sample was
then evacuated (P <2- 10~ Torr) for 1 h, and the spectrum
recorded again. Integrated intensities (absorbances) were
normalized to unit wafer thickness (mg/cm?).

The pyridine chemisorption experiments were carried
out by exposing the pretreated sample to 5 Torr of pyri-
dine vapor for 1 h at 363 K. The wafer was then evacuated
for 1 h at different temperatures before the spectra were
recorded. The outgassing temperatures used in the present
work were 443 and 623 K. The reason to use these temper-
atures is to arbitrarly define the following acidity regions:
moderate + strong (sites retaining pyridine at 623 K) and
total (weak + moderate + strong) (sites retaining pyridine
at 443 K). Integrated intensities were normalized to unit
wafer thickness (mg/cm?).

n-Butane catalytic transformations were performed in a
conventional continuous flow system (15, 21, 22) operated
at atmospheric pressure. Preliminary experiments were car-
ried out to determine the reaction conditions for maximum
steady-state formation of isobutene. The reaction param-
eters used were: reaction temperature =773 K, N, flow =
15 cm®/min, H, flow = 15 cm?/min, n-butane flow =3 cm?/
min, weight of catalyst = 1.6 g (WHSV =0.267 h~!). The re-
action products were analyzed by on-line gas chromatogra-
phy, using a Hewlett—Packard 5890A chromatograph with a

flame ionization detector. A fused silica KCl/Al,O3 column
was used for separation purposes. The catalytic tests were
performed after the solids were reduced with purified H;
(60 cm®/min) at 773 K for 2 h.

For discussion purposes, the skeletal isomerization of
1-butene was also carried out. The experimental conditions
have been described previously (15, 21, 22) but will be re-
peated here for the sake of completion. A continuous flow
system similar to the one employed in the n-butane experi-
ments was used for the catalytic experiments. The reaction
parameters used were: reaction temperature =743 K, N,
flow =60 cm’/min, 1-butene flow =15 cm®/min, weight of
catalyst=1 g. The catalytic tests were performed, for the
calcined catalysts, after the solids were pretreated in situ
(N2, 60cc(STP)/min) overnight.

II1. Data Treatment

n-Butane transformations. 'The total conversion (X) was
calculated according to Eq. [1],

X = { (Z Ai) — Anbutane / 3 Ai} x100.  [1]

For a reaction product (or set of products), the selectivity
is defined by Eq. [2],

si={A/(DA) = Anvuane} x 100, 2]

where A, is the corrected chromatographic area for a par-
ticular compound.

The catalytic yield (Y) for the different reaction products
is defined by Eq. [3],

Yi =S x X/lOO [3]

The following selectivities and yields were determined:
Siso-c4, Yiso-c4 (formation of isobutane); Sy.c4=, Yn.ca= (for-
mation of n-butenes); Siso-c4=, Yiso-c4= (formation of isobu-
tene); S_c4, Y <c4 (formation of C1-C3 products). No other
products were detected.

The turnover frequencies (TOF) for the formation of the
different reaction products were calculated according to

Eq. [4],
TOF = (4.99 x 107 x Y;)/(H/Pt). (4]

TOF are expressed in molecules per second per surface
Pt atom. The TOF for the formation of isobutene and iso-
butane over the Pt/MnAPO-11 solid were not calculated
due to a possible bifunctional mechanism contribution.,
vide infra.

Skeletalisomerization of I-butene. The total conversion
(X) was calculated according to Eq. [5]

X = { (Z Ai) - Al—butene/ Z Ai} x 100. [5]
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For areaction product (or set of products), the selectivity
is defined by Eq. [6],

Si = {Ai/(ZAi) - Al—butene} x 100, [6]

where A; has been defined above.

The following selectivities were determined: S, (skele-
tal isomerization); Sy, (double bond isomerization); Sgicne
(formation of butadiene); Scrack (formation of C1-C3 pro-
ducts); Scs+ (formation of hydrocarbons with five or more
carbon atoms).

1IV. Reagents

n-Butane and 1-butene were Matheson C. P. grade. Hy-
drogen was purified by passing it through a molecular sieve
and commercial Deoxo traps to remove water and oxygen
traces. CO (GIV) was purified according to Refs. (29, 31,
34). Pyridine (Aldrich, spectrophotometric grade) was de-
gassed using the freeze-pump-thaw technique (35).

RESULTS

Table 1 shows some physicochemical properties of the
solids used in the present work. The specific surface area
(SSA) and microporosity values agree with other reports
for solids having similar crystallographic structures (23, 25,
36). The addition of the platinum promoter decreases by
~15% the SSA and the microporous volume of the AIPOy-
11 and MnAPO-11 solids. The unit cell parameters, calcu-
lated before calcination, are in good agreement with those
previously reported (37) for a body-centered orthorhombic
unit cell of AIPOy4-11-like structures. However, the increase
in the unit cell volume observed for the MnAPO-11 solid,
compared to the AIPO4-11 catalyst, should be noted.

Figure 1 shows the XRD diffractogram for the as-syn-
thesized and calcined AIPO4-11 sample and for the calcined
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FIG. 1. X-ray diffractogram for the: (a) as-synthesized AIPOy4-11;
(b) calcined AIPO4-11; and (c) calcined Pt/AIPOy-11 catalyst.

TABLE 1

Physicochemical Properties of the Different Solids Used in the Present Work

Unit cell parameters®

Molar composition

Catalyst SSA/(m?/g)* Vup/(cm®/g)® (formula TO,) A B C
AIPO;-11 162 0.051 (Alp52Po.43)O2 18.67 13.33 8.39
MnAPO-11¢ 160 0.050 (Alp.47P0.4sMng 05)O2 18.79 13.52 8.46
Mn/AlPOy4-11¢ 145 0.045 Mn/(Alp52P0.43)O2
Pt/AIPO,-11/ 136 0.043 Pt/(Alg5:P043)O>
Pt/MnAPO-11 134 0.042 Pt/(A10447P0448MI10405)02
Pt/Mn/AIPOs-11 137 0.043 Pt/Mn/(Aly.52Po.43)O2

“ Specific surface area in m%/g.

b Microporous volume in cm®/g.

¢ Unit cell parameters in A.

4 Mn loading =3.5 wt% Mn.

¢ Mn loading =3.1 wt% Mn.

The Pt loading for all the Pt promoted samples was 0.5 wt% Pt.
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Pt/AIPO4-11 solid. The diffractogram for the as-synthesized
sample (Fig. 1a) shows a highly crystalline solid with AIPOy-
11 (AEL) structure, in agreement with the literature (15, 25,
36, 37). The major XRD changes observed for the calcined
solid (Fig. 1b) have previously been reported (25, 38). They
have been associated with a change in the crystal symmetry
from a body-centered to a primitive unit cell as a result of
water adsorption after calcination. The diffractogram for
the Pt/AIPO4-11 (Fig. 1c) solid, shows that the location of
the main XRD peaks (25, 38) associated with the calcined
AIPQOy-11 catalyst (Fig. 1b), remains unaltered after the ad-
dition of platinum to the calcined AIPOy-11 solid. This re-
sult supports the fact that the addition of platinum does
not change the crystallographic structure of the calcined
AIPO4-11 solid.

The XRD diffractograms for the as-synthezised and cal-
cined MnAPO-11 and for the calcined Pt/AIPOy4-11 solids
are shown in Fig. 2. The observed pattern for the as-

40 36 32 28 24 20 46 12 8 4
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FIG. 2. X-ray diffractogram for the: (a) as-synthesized MnAPO-11;
(b) calcined MnAPO-11; and (c) calcined Pt/MnAPO-11 catalyst.
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FIG. 3. Infrared spectrum of pyridine adsorbed on the oxidic

MnAPO-11 sample after evacuation at 623 K. B and L stand for the bands
diagnostic of Bronsted and Lewis bound pyridine, respectively.

synthezised solid (Fig. 2a) is very similar to the one ob-
served for the as-synthezised AIPOy-11 catalyst, typical of
AEL structure. As with the AIPO4-11 solid, the calcination—
rehydration process generates significant changes in the
XRD diffractogram (Fig. 2b). The latter is similar to the
XRD diffractogram shown by the Pt/MnAPO-11 solid
(Fig. 2¢).

The XRD results for the Mn/AlIPO4-11 and Pt/Mn/
AIPQOy4-11 were very similar to those reported for the cal-
cined AIPO4-11 (Fig. 1b). No Pt or Mn diffraction peaks
were apparent in any of the solids studied in the present
work.

Figure 3 shows the IR spectrum for the pyridine adsorp-
tion over the MnAPO-11 solid evacuated at 623 K. Only
this spectrum is shown due to the similar nature of the
other IR data. The spectrum was obtained by subtracting
the contribution from the sample before the adsorption
of pyridine. The two bands observed at ca 1450 cm™! and
ca 1548 cm~! have previously been used in the literature
(30, 35, 39) for estimating Lewis and Bronsted acidity on
heterogeneous catalysts. The former corresponds to the
19b vibration of the Lewis bound pyridine. The band at
ca 1548 cm™! has been assigned to pyridine adsorbed on
Bronsted acid sites. Table 2 summarizes the normalized
integrated intensities for the IR bands due to Bronsted
and Lewis bound pyridine for catalysts evacuated at
443 and 623 K. No pyridine adsorption occurring on
Bronsted sites was detected for the AIPOy4-11 and for the
Mn/AIPO4-11 solids after evacuation at 623 K, in agree-
ment with other reports (15) which showed the absence
of (moderate + strong) Bronsted acid sites for the parent
AlPOy4-11 solid. For the MnAPO-11 solid, however, the
Bronsted-bound pyridine band, after evacuation at 623 K,
was clearly present. It can also be seen that the addition
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FIG. 4. 3'P MAS NMR spectra of: (a) calcined Mn/AIPO4-11 solid; (b) calcined MnAPO-11 catalyst.

TABLE 2

Normalized Integrated Intensities for the 1548 cm~! IR Band
(Bronsted Bound Pyridine) and for the 1450 cm~! Band (Lewis
Bound Pyridine)?

Evacuation temperature/K

443 623
Catalyst 1548 cm™!  1450cm™' 1548 cm™! 1450 cm™!

AlIPO411 2.8 4.2 n.d? 24
MnAPO-11 2.5 29 1.5 2.1
Mn/AIPO411 2.6 4.0 n.d.? 1.9
Pt/AIPO411 2.5 3.8 n.d.? 1.9
Pt/MnAPO-11 22 2.4 1.2 1.8
Pt/Mn/AIPO411 23 35 n.d.? 1.8

“ For more details see text.
b n.d. = not detected.

of Pt to the MnAPO-11 catalyst causes, in particular, a
slight decrease in the integrated intensity of the IR bands
corresponding to (moderate + strong) Lewis and Bronsted
sites, in agreement with reports on related systems (12, 40).
Figure 4 shows the *'P MAS NMR spectra for the
MnAPO-11 and Mn/AlPO4-11 samples. It can be observed
that for the substituted solid, the intensity of the side bands
is strongly enhanced when compared with the supported
material, in agreement with previous work (15, 47).
Figure 5 shows the IR spectra for the irreversible che-
misorption of CO on the Pt/AIPO4-11 and Pt/MnAPO-11
solids. Only one band at ca 2067 cm~! was detected in the
1700-2100 cm™! range. This band has previously been as-
signed (41-43) to a linear Pt—CO stretching vibration.
Table 3 summarizes the results for the hydrogen uptake
and for the IR CO chemisorption experiments. No hydro-
gen chemisorption was detected for the AIPO4-11 solid
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FIG.5. Infrared spectra of irreversibly held carbon monoxide over
Pt/MnAPO-11 (spectrum a) and over Pt/AIPOy-11 (spectrum b).

while the MnAPO-11 and Mn/AIPO4-11 samples did
chemisorb a small amount of H,. For the Pt promoted
solids the uptake followed the sequence Pt/AIPOy4-11 >
Pt/Mn/AIPO4-11 > Pt/MnAPO-11 catalyst. The metallic
dispersion (H/Ptratio) for the Pt/MnAPO-11 and for the Pt/
Mn/AlIPO4-11 solids was calculated, considering the total
H, uptake for these catalysts without substracting the
small amount of H, chemisorbed by the MnAPO-11 and
Mn/AlIPO4-11 solids, respectively. The Pt dispersion was
~39% larger for the Pt/AlIPO4-11, compared to that ob-
served for the Pt/MnAPO-11 solid. The integrated inten-
sities for the irreversible CO chemisorption followed a
similar trend; viz., the CO-Pt/AIPO4-11 band was 37%

TABLE 3
H; Uptakes and IR Integrated Intensities for the CO-Pt Band”

H, uptake/ IR frequency/ Integrated
Catalyst umol/g  H/Pt em™! intensity/A.U
AIPO411 n.d? — — —
MnAPO-11 1.10 — — —
Mn/AIPO4-11 1.22 — — —
Pt/AIPO,-11 8.72 0.68 2067 10.9
Pt/MnAPO-11 6.28 0.49 2068 8.0
Pt/Mn/AIPO4-11 7.56 0.59 — —

“ For more details see text.
b n.d. =not detected.

more intense than the corresponding CO-Pt/MnAPO-11
band. The IR frequencies were the same within experimen-
tal error (2067 +1 cm™).

n-Butane catalytic tests were carried out over the AIPO4-
11, MnAPO-11, and Mn/AlIPOs-11 solids. The steady-state
total conversion was always below 2%. The results for the
transformation of n-butane over the Pt promoted solids are
shown in Tables 4-9. No hydrocarbons with more than four
carbon atoms were detected. The most striking feature is the
dramatic decrease in the yield, selectivity, and TOF for the
production of C1-C3 hydrocarbons on the Pt/MnAPO-11
compared to the Pt/AIPO4-11 and Pt/Mn/AlPOy4-11 sam-
ples. When compared with the Pt/ AIPO4-11 sample, the sup-
ported Pt/Mn/AlPOy-11 solid showed a smaller decrease
in the TOF for the formation of C1-C3 hydrocarbons.

The catalytic results also indicate higher yields (and
selectivities) for the production of isobutene and isobutane
over the Pt/MnAPO-11 solid, compared with the Pt/ AIPOg4-
11 and Pt/Mn/AIPOy-11 catalysts. Similar yields (and se-
lectivities) for the production of both iso-C4 products were
observed over the Pt/AIPO4-11 and Pt/Mn/AIPQO4-11 solids.

The TOF for the formation of n-butenes was larger on the
Pt/Mn/AlIPOy4-11 solid, particularly at high times-on-stream
(TOS).

For discussion purposes, the catalytic results of the skele-
talisomerization of 1-butene over the unpromoted supports
(AIPO4-11 and MnAPO-11) are shown in Tables 10 and 11.
A small part of these results have been published previously
(15). It can be seen that the MnAPO-11 catalyst is much
more selective toward the formation of isobutene than the
AlPOy4-11 solid. The latter, however, showed a higher se-
lectivity for double bond isomerization, which is known to
require weaker acid sites than those needed for the skeletal
isomerization (44). Neither catalyst showed any significant
activity for dehydrogenation, cracking, or oligomerization
reactions. The results for the Mn/AIPOy4-11 solid were al-
mostidentical to those obtained over the AIPOy-11 catalyst.

DISCUSSION

The following characterization results suggest the incor-
poration of manganese into the aluminophosphate molec-
ular sieve structure, for the MnAPO-11 catalyst:

1. The unit cell volume is smaller for the AIPO4-11 solid
than for the MnAPO-11 catalyst (Table 1). This can be un-
derstood in terms of the difference in bond length found
for AI-O (1.75 A) compared to Mn—-O (2.02 A).

2. The increased (moderate + strong) Bronsted acidity
shown by the MnAPO-11 catalyst (Table 2), compared with
the AIPO4-11 and with the supported Mn/AIPOy-11 solids.
Particularly, the difference in acidity between the substi-
tuted and supported manganese catalysts is significant since
the latter should contain predominantly extra-framework
manganese species. The appearance of these species does
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TABLE 4

Product Distribution for the Transformations of n-Butane over Pt/ AIPO4-11¢

TOS? X Siso-c4 Siso-c4= Sh-ca= Scca Yiso-c4 Yiso-ca= Yo.cs= Y4
45 52.5 12.2 6.1 18.7 62.9 6.4 3.2 9.8 33.1
60 50.2 12.3 6.5 21.1 60.0 6.2 33 10.6 30.2
90 47.2 11.9 6.9 25.0 56.2 5.6 3.3 11.8 26.5

120 45.5 11.6 7.4 28.0 53.0 5.3 34 12.7 24.1
150 41.6 12.2 6.9 29.5 51.4 5.1 29 12.3 214
180 41.7 11.6 72 30.3 50.8 4.8 3.0 12.6 21.2
240 43.5 11.1 7.5 324 49.1 4.8 3.3 14.1 21.3
300 40.1 10.3 7.7 35.6 46.4 4.2 3.1 14.3 18.6

“The reaction parameters used were: reaction temperature =773 K, N, flow = 15 cm®/min, H, flow = 15 cm®/min, n-butane flow =3 cm®/min, weight

of catalyst=1.6 g (WHSV =0.267 h ).
b Time on-stream/min.

not create new (moderate + strong) Bronsted acid sites,
compared with the AIPO4-11 sample. The situation with
the MnAPO-11 solid is clearly different. This can be ac-
counted for in terms of the incorporation of Mn(II) into the
aluminophosphate structure (MnAPO-11) by replacement
of an AI(III) cation, as proposed by Gielgens et al. (14).
According to these ideas, Mn(II) would be incorporated
into the molecular sieve framework generating one P-OH
group per each metal ion, thus increasing the number of
acid sites. The interaction of the metal ions (Lewis centers)
with the P-OH groups (Bronsted sites) may increase the
strength of the latter, as shown for related systems (15, 21,
22). The presence of (moderate + strong) Lewis sites on the
AIPOy4-11 solid has been attributed to structural breakage
after calcination to yield defective Al sites (15).

3. 3P MAS NMR spectra (Fig. 4), which show different
behavior for the manganese species present on the substi-
tuted and supported samples, in accordance with previous
reports (15). An anisotropic paramagnetic shift due to a 3'P-
paramagnetic Mn(II) dipolar interaction for the MnAPO-
11 catalyst has been suggested (15, 47) to account for the
observed differences in the intensities of the side bands.
These results suggest a better dispersion of the manganese
species on the MnAPO-11 solid, which would facilitate the
above-mentioned *'P-Mn(II) interaction.

In addition, previous ESR (15) results, showed different
manganese chemical environments for a MnAIPO-11 sam-
ple (0.1 wt% Mn) and for a Mn supported AIPO411 solid
(0.1 wt% Mn), in accordance with Brouet et al. (45, 46).
Although the Mn wt% is much lower than those used in
the present work, these results should be taken as exist-
ing examples for the possible incorporation of manganese
into AIPOy4-11 molecular sieve frameworks. However, these
ESR results by themselves, do not provide independent
support for the incorporation of manganese into the molec-
ular sieve framework for the MnAPO-11 solid used in the
present work, due to the differences in Mn loading. Un-
fortunately, it was impossible to resolve the X-band ESR

spectrum for catalysts with higher manganese contents (15),
including those used in the present study.

The above-mentioned results (points 1 through 3), sup-
port the assumption of Mn(II) being incorporated into the
aluminophosphate molecular sieve structure, in agreement
with other studies (14-16, 45, 48). However, the presence
of some extra-framework manganese species on the substi-
tuted solid cannot be ruled out; viz, our data does not allow
us to conclude that all the manganese is incorporated into
the molecular sieve structure MnAPO-11.

The addition of Pt decreases the acidity of the catalysts
(Bronsted and Lewis sites), in agreement with results ob-
tained over Pt/SAPO-11 catalysts (12, 40). The dispersion,
measured by the irreversibly chemisorbed hydrogen, was
49% for the Pt/MnAPO-11, 59% for the Pt/Mn/AlPOy-11,
and 68% for the Pt/AlIPO4-11 solid. These values were cal-
culated by taking into account the total irreversibly held
hydrogen, without substracting the possible contribution
of the MnAPO-11 and Mn/AIPOg4-11 solids. In order to
establish the validity of this argument, the CO chemisorp-
tion was performed on the Pt/AIPO,4-11 and Pt/MnAPO-
11 samples and followed by IR spectroscopy. The intensity
results for the ca 2067 cm ™! band, which has unambiguously

TABLE 5

Turnover Frequencies? for the Transformations of n-Butane
over Pt/AIPOs-11

TOS® X TOFiso-c4 TOFiso-cs= TOF.c4= TOF .4
45 52.5 4.7 2.3 7.2 24.3
60 50.2 4.6 2.4 7.8 22.1
90 47.2 4.1 2.4 8.7 19.5

120 45.5 3.9 2.5 9.3 17.7
150 41.6 3.7 2.1 9.0 15.7
180 41.7 3.5 2.2 9.3 15.6
240 43.5 3.5 2.4 10.3 15.6
300 40.1 3.0 2.3 10.5 13.6

 Turnover frequencies/mol/s per surface Pt atom x 11075,
b Time on-stream/min.
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TABLE 6

Product Distribution for the Transformations of n-Butane over Pt/MnAPO-11¢

TOS? X Siso-c4 Siso-c4= Sh-cs= S_cs Yiso-Ca Yiso-ca= Yo-c4= Y. cs
45 31.0 31.8 19.7 41.3 7.2 9.9 6.1 12.8 2.2
60 30.8 30.5 19.8 432 6.5 9.4 6.1 133 2.0
90 29.3 29.1 19.9 44.7 6.3 8.5 5.8 13.1 1.8

120 28.4 28.1 20.1 46.3 5.5 8.0 5.7 13.2 1.6
150 27.8 289 19.7 45.8 5.6 8.0 5.5 12.7 1.6
180 27.8 27.4 20.1 473 5.2 7.6 5.6 13.1 1.4
240 26.4 24.9 20.6 49.7 4.8 6.6 5.4 13.1 1.3
300 25.7 232 20.9 51.4 4.5 6.0 5.4 13.2 1.2

“The reaction parameters used were: reaction temperature =773 K, N, flow =15 cm?®/min, H, flow = 15 cm®/min, n-butane flow = 3 cm*/min, weight

of catalyst=1.6 g (WHSV =0.267 h™1).
b Time on-stream/min.

been attributed to a linear Pt—CO interaction (41-43), show
that the platinum in the Pt/AIPOy-11 solid is 37% more
dispersed than in the Pt/MnAPO-11 catalyst. This value
arises from the ratio of the integrated intensities, assuming
that the molar extinction coefficients for both bands are the
same. This result is virtually identical to the one obtained
by H, chemisorption (without substracting the MnAPO-11
contribution). Had the latter been substracted, the Pt dis-
persion in the Pt/MnAPO-11 solid would have been ~40%
and the Pt in the Pt/AIPOg4-11 solid would have been 70%
more dispersed than that of Pt/MnAPO-11. As shown, this
result does not agree with the IR-CO chemisorption experi-
ments.

Besides the numerical implications, the above results
show that the presence of manganese (Pt/MnAPO-11) de-
creases the amount of hydrogen held by the platinum parti-
cles and that seemingly no significant hydrogen chemisorp-
tion occurs on the manganese species in the presence of
metallic platinum. A close proximity between Pt and man-
ganese species can, therefore, be suggested. This will be
supported by the catalytic results, vide infra.

The results for the n-butane transformations reported
in Tables 4-9 are consistent with the acidity and disper-
sion measurements. The most striking difference is the dra-
matic decrease in the TOF for the formation of C1-C3 hy-
drocarbons, unwanted side reaction, for the Pt/MnAPO-11
solid compared with the Pt/AIPO4-11 and Pt/Mn/AIPOy-
11 catalysts. Since neither one of the last two solids has
the acid strength (moderate + strong Bronsted acid sites)
needed to carry out the acid cracking of n-butane and that
the AIPO4-11 and Mn/AlPO4-11 catalysts are extremely
poor catalysts for cracking and for the skeletal isomeriza-
tion of 1-butene, it can be safely assumed that the C-C
bond breakage occurs on the Pt surface of the Pt/AIPOy-
11 and Pt/Mn/AlIPO4-11 solids (hydrogenolysis reaction).
The latter has been thoroughly investigated (49-52) over
a variety of metallic surfaces. It is now widely accepted
that this reaction is structure sensitive and that metallic

ensembles over a certain size are needed for the reaction
to occur. The decrease in the TOF for the hydrogenoly-
sis reaction observed for the Pt/MnAPO-11 can, in prin-
ciple, be attributed to an ensemble effect, an electronic
effect, or to both. The constant value for the CO frequency
(ca 2067 cm™!) suggests that the Pt electron density (43) is
quite similar in both solids (Pt/AIPO4-11 and Pt/MnAPO-
11); viz., the electronic properties of the Pt particles are
not significantly affected by the presence of the manganese
species. Therefore, our results suggest that the decrease in
the TOF for the hydrogenolysis reaction is due to an en-
semble effect. The latter is supported by the decrease in
the Pt dispersion (observed for the Pt/MnAPO-11 solid)
and it is made possible by the close proximity between
Pt crystals and well dispersed manganese species discussed
above.

As observed, the TOF for the hydrogenolysis reaction on
the supported Pt/Mn/AIPOy-11 catalyst is also smaller than
that observed for the Pt/AIPOy4-11; however, the decrease
is much smaller than that observed for the Pt/MnAPO-11
solid. A possible explanation could be that, in the case
of the supported catalyst, the extra-framework manganese

TABLE 7

Turnover Frequencies? for the Transformations of n-Butane
over Pt/MnAPO-11

TOS? X TOF.cs= TOF_c4
45 31.0 13.0 23
60 30.8 14.0 2.0
90 29.3 13.0 1.9

120 28.4 13.0 1.6
150 27.8 13.0 1.6
180 27.8 13.0 1.5
240 26.4 13.0 13
300 25.7 13.0 12

“ Turnover frequencies/mol/s per surface Pt atom x 1-107>.
b Time on-stream/min.
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TABLE 8

Product Distribution for the Transformations of n-Butane over Pt/Mn/AlPO4.11¢

TOS? X Siso-c4 Siso-c4= Sh-ca= Scca Yiso-c4 Yiso-ca= Yo.cs= Y4
30 52.7 11.9 8.0 333 46.7 6.3 42 17.6 24.7
60 46.5 11.1 6.3 41.5 41.1 5.2 2.9 19.3 19.1
90 45.0 10.8 7.4 43.6 38.2 49 3.3 19.6 17.2

120 43.6 10.2 7.5 47.1 351 4.5 33 20.6 15.4
150 433 9.6 6.8 47.6 36.0 4.2 29 20.6 15.6
180 43.0 9.4 72 48.6 34.8 4.0 3.1 20.9 15.0
300 41.1 8.5 7.1 53.0 314 3.5 2.9 21.8 12.9

“ The reaction parameters used were: reaction temperature =773 K, N, flow=15 cm®/min, H, flow =15 cm®min, n-butane flow=3 cm®/min,

weight of catalyst =1.6 g (WHSV =0.267 h™1).
b Time on-stream/min.

species are poorly dispersed (compared with the substituted
solid), thus decreasing the likelihood of manganese species
“seeing” the platinum particles. The difference in Pt dis-
persion between the supported and substituted molecular
sieves, as well as the NMR results obtained for the MnAPO-
11 and Mn/AIPO4-11 solids, support the above ideas.

Another important difference observed is that the Si.c4
and S;.c4= obtained for the Pt/MnAPO-11 catalyst are con-
siderably higher than those obtained on the Pt/AIPOy-
11 and Pt/Mn/AIPOy4-11 solids. Skeletal isomerization of
paraffins over heterogeneous catalysts is known to take
place by either acid catalysis (53-55) or by a metal-assisted
process (51, 52). Particularly, Pt has been shown to be ex-
tremely active for the isomerization process. Due to the
lack of required acidity, mentioned above, the only possi-
ble way for the Pt/AIPO4-11 and Pt/Mn/AlPO4-11 solids to
catalyze the skeletal isomerization of n-butane is through a
process occurring over the Pt surface (probably, via a bond
shift mechanism (51)). The isobutane produced can then be
partially dehydrogenated to form isobutene.

The interpretation of the results obtained on the Pt/
MnAPO-11 catalyst is more complicated due to the pres-
ence of (moderate + strong) Bronsted acid sites which
are able to perform the skeletal isomerization of the
n-butenes (Table 11). In this case, in addition to the

TABLE 9

Turnover Frequencies® for the Transformations of n-Butane
over Pt/Mn/A1PO4-11

TOS? X TOFiso-c4 TOFiso-c4= TOF,.c4- TOF _¢4
30 52.7 53 3.6 14.8 20.9
60 46.5 44 25 163 16.1
90 45.0 4.1 28 16.6 145

120 43.6 3.8 28 17.4 13.0
150 433 3.6 25 17.4 13.2
180 43.0 3.4 26 17.7 12.7
300 411 3.0 24 18.4 10.9

 Turnover frequencies/mol/s per surface Pt atom x 1-1075.
b Time on-stream/min.

isomerization—dehydrogenation process carried out over
metallic centers, the conventional bifunctional mecha-
nism can also take place to produce isobutene + isobutane
(10-13). This mechanism includes: dehydrogenation of
n-butane to form n-butenes, skeletal isomerization of the
olefin over (moderate + strong) Bronsted acid sites to yield
isobutene, followed by a hydrogenation step to form isobu-
tane. Since the MnAPO-11 solid is more active for the
skeletal isomerization of 1-butene than the AIPO4-11 and
Mn/AIPO4-11 systems, the possibility of having a contribu-
tion towards the formation of iso-C4= (and iso-C4) from
a bifunctional mechanism has to be considered. Again,
the difference in behavior between the Pt/MnAPO-11 and
Pt/Mn/A1POy4-11 is evident.

Finally, the fact that no hydrocarbons with more than four
carbon atoms were observed throughout the n-butane-H,
experiments deserves a comment concerning the role of C8
intermediates (bimolecular mechanism (56-58)) in the for-
mation of isobutene and isobutane over the Pt/MnAPO-11
solid. Previous work (1-butene skeletal isomerization)
on manganese-substituted aluminophosphate molecular
sieves (14) have shown that the formation of branched
C8 intermediates in the Mn—AIPOy-11 pores is difficult,
probably due to the restrictions imposed by the particular
pore geometry of these solids. Had the formation of the C8

TABLE 10

Product Distribution for the Transformations of 1-Butene
over AIPO4-11¢

Tosb X Siso SZ»b Sdiene SC5+ Scrack
30 71.7 32 95.6 0.0 0.3 0.8
90 71.6 2.8 96.5 0.0 0.1 0.6

150 71.5 2.6 96.6 0.0 0.1 0.6
210 71.5 23 96.7 0.0 0.2 0.7
270 71.3 2.3 96.8 0.0 0.1 0.7
330 713 21 97.2 0.0 0.1 0.6

“The reaction parameters used were: reaction temperature = 743 K, N,
flow = 60 cm*/min, 1-butene flow = 15 cm*/min, weight of catalyst=1g.
b Time on-stream/min.
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TABLE 11

Product Distribution for the Transformations of 1-Butene
over MnAPO-11¢

Tosb X Siso S2-b Sdiene SC5+ Scrack
30 84.4 28.5 69.4 0.1 1.0 1.0
90 83.8 26.2 72.0 0.1 1.0 0.7

150 78.5 349 62.9 0.1 1.2 0.9
210 71.5 349 63.0 0.1 1.1 0.9
270 83.0 23.1 75.5 0.1 0.8 0.6
330 82.6 224 76.4 0.1 0.6 0.6

“The reaction parameters used were: reaction temperature = 743 K, N,
flow = 60 cm*/min, 1-butene flow = 15 cm*/min, weight of catalyst=1g.
b Time on-stream/min.

intermediate been facile, a wider product distribution, in-
cluding CS hydrocarbons, would have been obtained. The
latter was not the case in the present work. The C8 interme-
diate, however, has been suggested as a key intermediate
for the skeletal isomerization of n-butane over other solid
acids with a wider distribution of pore sizes (less geometri-
cal restrictions for the formation of the C8 intermediate),
e.g., ZrO;—SO,4 based catalysts (59-64).

CONCLUSIONS

The catalytic transformations of n-butane were per-
formed over a platinum-promoted manganese-substituted
aluminophosphate molecular sieve (Pt/MnAPO-11), and
over a Pt-promoted manganese-supported aluminophos-
phate molecular sieve (Pt/Mn/AlPO4-11). For compari-
son purposes, the reactions were also carried out over
a Pt-supported AIPO411 molecular sieve (Pt/AIPO4-11).
The catalytic results indicate higher yields and selectivi-
ties for the production of isobutane and isobutene over
the Pt/MnAPO-11. A severe decrease in the yield, selectiv-
ity, and TOF of formation of hydrocarbons with less than
four carbon atoms (undesirable side reaction) was also ob-
served for the Pt/MnAPO-11 system, compared with the
Pt/AIPO4-11 and Pt/Mn/AlIPO4-11 systems.

Acidity was measured by pyridine chemisorption at dif-
ferent temperatures. A larger number of (moderate +
strong) Bronsted acid sites was found for the MnAPO-11
solid, compared with the AIPO4-11 and Mn/AIPQOy-11 sam-
ples. 'P MAS NMR results showed an increase in the in-
tensity of the side bands, probably due to an anisotropic
paramagnetic shift caused by a stronger dipolar interaction
between the 3P and the paramagnetic Mn(II) ions on the
MnAPO-11sample, when compared with the Mn/AIPO4-11
solid. These results suggest a better dispersion of the man-
ganese species on the MnAPO-11 solid, which would facil-
itate the above-mentioned *'P-Mn(II) interaction.

The addition of platinum decreased the acidity. Pt dis-
persions were measured by hydrogen chemisorption. CO
chemisorption followed by IR spectroscopy was used, par-

tially, to corroborate the dispersion measurements. The Pt
dispersions were 68 %, 59%, and 49% for the Pt/AIPO,-11,
Pt/Mn/AlPO4-11, and Pt/MnAPO-11 solids, respectively.
The constant value obtained for the IR CO-Pt stretching
frequency over the Pt/AIPO4-11 and Pt/MnAPO-11 solids
(~2067 cm ™), as well as the drop in the Pt dispersion for the
manganese-containing samples, particularly Pt/MnAPO-
11, suggest an ensemble effect as responsible for the differ-
ences observed in the yield of formation of hydrocarbons
with less than four carbon atoms. The higher yield and se-
lectivity observed for the formation of iso-C4 and iso-C4=
hydrocarbons over the Pt/MnAPO-11 solid was accounted
for in terms of the largest number of (moderate + strong)
Bronsted acid sites found on this solid.

The catalytic and characterization results suggest the in-
corporation of manganese into the molecular sieve struc-
ture for the Pt/MnAPO-11 sample.
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