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Palladium impregnated on silicoaluminophosphate molecular sieves (SAPO-5, SAPO-11, SAPO-
34) and alumina has been studied during CO hydrogenation. Pd/SAPO-5, which exhibited the
highest turnover frequencies, initially produced only methane and oxygenates (methanol and di-
methyl ether), but catalyzed significant C,+ hydrocarbon formation under the same conditions after
temporary increase in gas contact time or exposure to propylene. While high yields of C,-C,
alkanes were observed over PAd/SAPO-34, reaction over Pd/SAPO-11 and Pd/Al,O, yielded only
oxygenates. Methane yields increased significantly with higher temperature, particularly over Pd/
SAPO-5. Higher H, partial pressures increased oxygenate production and decreased C,+ fractions.
Many similarities between the results of this work and findings from studies of Pd/ZSM-5 indicate
that hydrocarbon synthesis over Pd/SAPQO catalysts occurs via a bifunctional pathway, involving
methanol synthesis on Pd and autocatalytic conversion of oxygenates responsible for C,+ hydrocar-
bons on the SAPO molecular sieves. Differences in the product distributions from Pd-impregnated

molecular sieves arise mainly from the effect of acidity and shape selectivity in methanol conver-

sion on the SAPO molecular sieves.

INTRODUCTION

Conversion of CO/H; to methanol has
been shown to take place on supported Pd
catalysts (I). Methanol can in turn be con-
verted to gasoline on ZSM-5 zeolites via the
MTG process developed by Mobil (2). In a
recent work, we have reported the direct
conversion of syngas (H,/CO) to hydrocar-
bon products on bifunctional catalysts con-
sisting of a methanol synthesis function,
Pd, supported on ZSM-5 zeolites (3). The
reaction pathway was reported to involve
CO hydrogenation to methanol on Pd fol-
lowed by zeolite-catalyzed conversion of
methanol to hydrocarbons. The product
distribution was strongly dependent on the
choice of ZSM-5 zeolite, which also af-
fected both overall CO hydrogenation rate
and hydrocarbon vields. This finding was
not surprising since palladium-catalyzed
methanol formation has been found to be
quite sensitive to the choice of support and
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the presence of promoters (/). The extent
to which the zeolite function affected the
behavior of Pd/ZSM-5 catalysts suggests
that use of other types of molecular sieves
will likewise influence both activity and
product distribution.

The objective of the work reported in this
paper is to establish the behavior of Pd-im-
pregnated silicoaluminophosphate (SAPO)
molecular sieves as catalysts for CO hydro-
genation, particularly toward the formation
of C,+ products. The aluminophosphate
family of molecular sieves (AIPO4 — n) was
discovered by Union Carbide (4), and more
recently, the silicoaluminophosphate fam-
ily (SAPO-n) was disclosed (5, 6). These
microporous solids exhibit some properties
characteristic of zeolites and also show un-
usual physicochemical traits ascribable to
their unique chemical composition (7, 8).
The ideal AIPO4-n consists of tetrahedra of
oxygen surrounding aluminum and phos-
phorus such that Al/P = 1. Thus the AIPO,
network is neutral. In order to create ion
exchange capacity and potential acidity, a
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portion of the aluminum and/or phosphorus
is substituted by the other elements (¢). For
example, the SAPO-n molecular sieves can
be considered silicon substitution into hy-
pothetical AIPO,-n frameworks. The silicon
substitution can be for (i) phosphorus (9)
and (ii) an aluminophosphate pair (/0). Sub-
stitution mechanism (i) leads to cation ex-
change capacity while mechanism (ii) does
not. Also, mechanism (il) can not occur
alone and must be accompanied by (i). If
substitution mechanism (i) is present only,
then the framework composition is such
that Si + P = Al Such is the case for
SAPO-37 (9) (silicoaluminophosphate with
the structure of faujasite). Silicoalumi-
nophosphates which contain ion exchange
capacity can be converted to their acid
forms (4, 5, 9) and utilized as solid acid
catalysts (4, 5, 11). It has been shown that
SAPO-n molecular sieves exhibit shape se-
lective behavior when converting methanol
to hydrocarbons (11).

In this work we synthesized and charac-
terized SAPO-34, SAPO-11, and SAPO-5
molecular sieves, with micropore sizes
ranging from approximately 4 to 8 A. The
activity of these Pd/SAPQO-n catalysts was
studied during CO hydrogenation to hydro-
carbons. Characterization of the SAPO-n
molecular sieves was carried out via »Si
NMR, X-ray diffraction, Ar adsorption,
ammonia TPD, and SEM. CO chemisorp-
tion was used to determine Pd crystallite
size. The activity of each catalyst was stud-
ied during CO hydrogenation under various
conditions to establish trends of overall ac-
tivity and selectivity. The catalytic trends
were then related to the catalytic properties
of the molecular sieves. Comparison of re-
action studies of this work with those of Pd/
ZSM-5 are made to evaluate the effects of
acid functions of different strengths on hy-
drocarbon yield.

EXPERIMENTAL METHODS

Catalyst preparation. The molecular
sieves SAPO-5, SAPO-11, and SAPO-34
were synthesized according to the proce-
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dures outlined in Examples 12, 18, and 33,
respectively, of the Union Carbide patent
(12). Here, we substituted pseudoboehmite
alumina (Catapal-B) for aluminum isopro-
poxide in all preparations. HZSM-5 (SiO»/
AlLO; = 68) was provided by the Amoco
Research Center and is the same sample as
that used previously (3).

Prior to metal deposition, the acid forms
of the molecular sieves were generated by
calcination at 600°C in O,. Palladium was
deposited on the SAPO-# solids by the wet
impregnation technique reported previ-
ously (3). Each molecular sieve was slur-
ried in methylene chloride which contained
palladium acetylacetone (Pd(acac),]. The
slurry was agitated at room temperature for
24 h, followed by solvent removal by evac-
uation. Catalysts pretreatment consisted of
calcination in O, at 400°C for 3 h, followed
by subsequent flushing with helium and re-
duction in flowing hydrogen at 300°C for
3h.

Catalyst characterization. Silicon, alumi-
num, and phosphorus were analyzed by
electron microprobe analysis with an Ap-
plied Research Laboratories SEMQ elec-
tron microprobe. Magic angle spinning 2°Si
NMR spectra were recorded on a Bruker
MSL 300 spectrometer. The *Si spectra
were taken at a frequency of 59.8 MHz and
a rotation rate of 3—-5 kHz, and the chemical
shifts are reported relative to MeySi (TMS).
The X-ray powder diffraction pattern of all
samples was recorded on a Nicolet 12 auto-
mated diffraction system. Phase identifica-
tion and purity were obtained from the X-
ray powder diffraction pattern.

Argon adsorption isotherms were ac-
quired from the acid forms of the molecular
sieves (without Pd) at liquid argon tempera-
tures using an Omnisorp 100 analyzer.
Samples were activated by heating to 350°C
under vacuum overnight. Ammonia tem-
perature-programmed desorption (TPD) ex-
periments were performed on the acid
forms of the molecular sieves. The samples
were heated from 350 to 550°C at 10°C/min.
Evaluation of each sample was repeated
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three to four times to assure reproducible
results. Scanning electron micrographs
(SEMs) of the SAPO-n samples were ob-
tained using JEOL JSM T 300 scanning
electron microscope.

Carbon monoxide chemisorption experi-
ments were carried out on the palladium-
containing samples immediately after the
pretreatment described above. When the
reduction was completed, the sample was
heated to 400°C under helium and out-
gassed for 1 h, followed by rapid cooling to
room temperature. Pulses of carbon mon-
oxide were then injected into the flowing
helinm stream until saturation of the sample
was detected by a thermal conductivity
cell.

IR spectroscopy was used to determine
the nature of the species adsorbed on Pd as
well as on the molecular sieves. The spec-
tra was recorded using a Digilab 14C FTIR
spectrometer. The catalyst, in the form of a
self-supporting wafer, was placed on a
stainless-steel cell reactor described else-
where (3), which allowed for in situ IR
transmission under reaction conditions.
The catalyst was reduced in flowing hydro-
gen, at 300°C, then cooled to 250°C and ex-
posed to reaction gases at 250 psi. IR stud-
ies of NH; adsorption were also conducted
at atmospheric pressure on a glass cell in
order to differentiate Bronsted and Lewis
sites.

Activity studies. Catalyst activity was
evaluated using a conventional fixed-bed
microreactor (3). After placing the catalyst
in the reactor, the sample was outgassed at
room temperature for 30 min, folowed by
the reduction in H, at 300°C for 3 h. Cata-
lyst charges varied slightly depending on
the density of the catalyst, so that contact
time remained about the same (0.18 s)
throughout the entire study. All kinetic data
was taken at a total pressure of 18.0 atm
and a flow rate of about 60 sccm. Analysis
of the effluent streams was performed by
gas chromatography using capillary and
Porapak columns (3). Oxygen from the oxy-
genates was rejected as water.
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(B) (D)

F1G. 1. (A) Framework [001] projection of SAPO-5
and (B) [100] framework projection of SAPO-11; (C)
the cage structure of SAPO-34; and (D) [010] frame-
work projection of ZSM-5.

RESULTS

Catalyst characterization. Figure 1
shows the [100] framework projection of
SAPO-11, the [001] framework projection
of SAPO-3, the [010] framework projection
of ZSM-5, and a representation of the
*‘cage’’ structure of SAPO-34 (analog of ze-
olite chabazite). SAPO-11 and SAPO-5
contain one-dimensional channels which
are elliptical (6.3 by 3.9 A) and circular (7.3
A), respectively (I3). SAPO-34 consists of
cages (20-hedron) which are 11 by 6.5 A
with access via pores which are eight-mem-
bered rings and have free diameters of ap-
proximately 3.9 A (there could be some
variability in this value since the pore size
of chabazite is known to change due to the
considerable flexibility in the framework
(14)). ZSM-S contains straight (5.6 by 5.3
A) and sinusoidal (5.5 by 5.1 A) channels
which intersect. Thus, in contrast to SAPO-
5 and SAPO-11 which contain one-dimen-
sional channels, ZSM-5 and SAPO-34 have
multidimensional pore systems.

The chemical compositions of the molec-
ular sieves used in this study are listed in
Table 1. The data shown for the SAPOs
compare well with the compositions re-
ported by Union Carbide (12). Table 1 lists
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TABLE 1
Characteristics of Molecular Sieves in Their
Acid Forms
Sample Oxide Total NH; Maximum
composition desorption exchange
(meq/g) capacity
(meq/g)
HZSM-35 - (Sigo7Alg 028) 05 0.51 0.47
SAPO-5  (SigesAly 50Po.45)0 0.61 0.82
SAPO-11  (SigosAly49Pg.45)O0, 0.56 0.99
SAPO-34  (SiggAly 52Pg.39)0, 1.57 1.48

also the theoretical maximum exchange ca-
pacity which is calculated on SAPOs by as-
suming that each silicon atom equals one
exchange site (implying all silicon substi-
tutes for phosphorus) and that on HZSM-3
each aluminum atom equals one exchange
site.

Figure 2 shows scanning electron micro-
graphs of the SAPO samples. Note the wide
variation in particle morphology; SAPO-34
exhibits a cubic morphology, SAPO-5 ap-
pears as spheres composed of small rectan-
gles wrapped around a central cavity, and
the SAPO-11 appears as irregular
spheroids. The SEM micrographs of ZSM-
5, reported elsewhere (3), show that their
morphology is a function of the degree of
crystallinity, and they have a roughly
spherical shape.

Figure 3 illustrates the 2Si NMR spectra
for the SAPO samples. These results were
obtained on samples in their as-synthesized
form. Each spectrum contains a major reso-
nance at —90 to —93 ppm with a shoulder at
around —110 ppm. For SAPO-11 the inten-
sity of the shoulder is greater than those
observed for SAPO-5 and for SAPO-34.

The argon adsorption isotherms of the
molecular sieves for P/Py = 0.3, shown in
Fig. 4, have the characteristic s-shaped cur-
vature typical for microporous materials.
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FiG. 3. ¥Si NMR spectra of SAPOs. (A) SAPO-3,
(B) SAPO-34, and (C) SAPO-11.

SAPO-5, with a 12-member ring channel,
clearly shows a higher P/P, for the initial
transition as expected (curve A). SAPO-11
and ZSM-5 give approximately the same
first P/P, transition (curves B and D, re-
spectively), which is expected since both
have 10-member ring channel systems. The
transition for SAPO-34 (curve C) with a
smaller pore size occurs between those of
SAPO-5 and SAPO-11, which is surprising.
Although not shown, the total adsorption
capacity of each sample compares favor-
ably to those reported elsewhere (12, 15).
The NH; TPD spectra of the molecular

F1G. 2. Scanning electron micrographs of SAPOs; (A) and (B) SAPO-5 at two different magnifica-

tions; (C) SAPO-11; (D) SAPO-34.
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F1G. 4. Argon adsorption isotherms for the molecu-
lar sieves. (A) SAPO-5, (B) SAPO-11, (C) SAPO-34,
(D) HZSM-5.

sieves without Pd are shown in Fig. 5.
ZSM-5 and SAPO-34 both exhibit a low-
and a high-temperature desorption peak,
whereas SAPO-5 and SAPO-11 show only
the low-temperature desorption peak. In
Table 1, the total amount of NH; desorbed
(total area beneath curves given in Fig. 5)
from each sample is listed. The SAPO-34
exhibited the highest NH; desorption ca-
pacity followed by SAPO-5, SAPO-11, and
HZSM-5. IR spectra of ammonia adsorbed
on the SAPO-x molecular sieves after evac-
uation showed the presence of a band at
3400-3600 c¢cm~! only on HZSM-5 and
SAPO-34. This band can then be associated
with the high-temperature NH; desorption
peak exhibited by these catalysts.

CO chemisorption results on the Pd/
SAPO-n catalysts are summarized in Table
2. The corresponding palladium average
crystallite size was calculated from these
measurements assuming a 7.9 A? area per
Pd atom. The average size of the Pd crystal-
lites, ranged from 33-131 A, which is well
above the pore sizes of the molecular
sieves. Consequently the majority of the
palladium particles is likely to be on the
exterior surfaces of the molecular sieve
crystals.

THOMSON ET AL.

TABLE 2

Characteristics of Palladium Crystallites on the
Molecular Sieves

Catalyst Dispersion?® Pd crystallite
size (A)?
Pd/HZSM-5¢ 0.094 125
Pd/SAPO-5 0.090 131
Pd/SAPO-11 0.210 56
Pd/SAPO-34 0.290 41

4 Ratio of chemisorbed carbon monoxide to palla-
dium surface atoms taken to be 0.52 (3).

¢ Palladium crystallites assumed to be hemispheri-
cal, with palladium atoms having a volume of 15.5 A®.

¢ From Ref. (3).

Catalyst activity. Steady-state CO con-
version rates for each catalyst are listed in
Table 3. The CO conversion in all runs was
kept below 5% so that the reported rates
were obtained under differential condi-
tions. Large differences in overall CO hy-
drogenation rates were not observed on the
different SAPO-n molecular sieves. How-
ever, when Pd dispersion is accounted for

300

n

[=]

[=]
I

100

Ammonia Concentration (umoles/liter)

400 500 600 700 800
Temperature (K)
FiG. 5. NH; TPD spectra for the molecular sieves.

(A) SAPO-5, (B) SAPO-11, (C) SAPO-34, (D)
HZSM-5.
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TABLE 3

Steady-State Activity

Catalyst Activity x10° Turnover frequency x10° Activation energy
(mol CO conv/gcat-min) (molecules/site-s) (Kcal/mole)
2% Pd/SAPO-S 21.1 20.7 15.2
2% PA/SAPO-11 21.8 9.2 14.9
2% Pd/SAPO-34 15.6 4.8 17.9
2% Pd/ALQO, 23.4 5.8 14.3
2% Pd/HZSM-5 3.5 33 18.8
7 From Ref. (3).
using CO chemisorption results, Pd/SAPO- [ I vp—

5 is seen to have a higher turnover fre-
quency.

The selectivity of Pd/SAPO-5 during CO
hydrogenation, shown in Fig. 6, changed
drastically with catalyst history. Initially,
exposure of PA/SAPO-5 for 17 h to the reac-
tion conditions (T = 523 K, P = 18.0 atm,
H,/CO = 2.0, and flow = 60 sccm, referred
to hereafter as standard conditions) yielded
methane and oxygenates (methanol and di-
methylether), with only traces of C,+ hydro-
carbons (Fig. 6a). Decreasing the flow rate
to 30 sccm led to the formation of C,- prod-
ucts, with selectivities exceeding 70% (Fig.
6b). Return to standard conditions showed,
in contrast to the initial exposure, a mark-
edly lower oxygenated fraction and higher
yields of C,+ hydrocarbons (Fig. 6¢). Simi-
lar results were obtained by exposing the
catalyst to propylene treatment between
standard steady states. In this case, the re-
action, having reached steady state under
the initial conditions, was stopped by de-
creasing the pressure to 1 atm, followed by
switching the feed to pure nitrogen. The
catalyst was outgassed at 250°C for 1 h,
then treated with 10% C;Hg in N, for 30
min, followed by another hour-long out-
gassing period. Resumption of CO hydroge-
nation under standard conditions showed
Pd/SAPO-5 to be much more active for C,-
hydrocarbon synthesis. Comparison of
steady states after decreased flow rate and
after propylene exposure reveals similar
product distributions. All further results re-

17 hrs,

o0
o

40+
201
o}
4

50

Selectivity
(% CO converted fo producis)

(b} 30 cc/min
23 hrs.

Selectivity
(% CO converted to products)

50

(c) 60cc/min
34 trs.

Selectivity
(% CO converted to products)

Hydrocarbons

Fi1G. 6. Effect of flow rate on selectivity over Pd/
SAPO-5 at standard steady state (T = 523 K, P = 18.0
atm, H,/CO = 2.0, flow = 60 sccm/min). (a) Flow rate
= 60 sccm/min; time-on-stream = 17 h. (b) Flow rate
= 30 sccm/min; time-on-stream = 23 h. (¢) Flow rate
= 60 sccm/min; time-on-stream, 34 h.
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Pd/SAPO-34
(c)

Selectivity
(% CO converted to products)

100

Selectivity

{% CO converted to products)
B D o
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T ] T

n
(=2
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(=2
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Hydrocarbons

F1G. 7. Product distributions at standard steady state. (a) Pd/SAPO-5; (b) Pd/SAPO-11; (c) Pd/

SAPO-34; (d) Pd/AL,0;.

ported in this work were taken from Pd/
SAPO-5 activated by temporarily decreas-
ing the flow rate.

Selectivities at standard steady state for
all catalysts studied are shown in Fig. 7.
The results shown in Fig. 7a for Pd/SAPO-5
were obtained under the same conditions as
those shown in Fig. 6¢c. PA/SAPO-11 (Fig.
7b) and Pd/Al,O; (Fig. 7d) exhibited high
selectivity for oxygenates, with the balance
consisting of methane. No changes in the
product distribution of Pd/SAPO-11 took
place when the flow rate was decreased or
propylene exposure was employed. In the
case of Pd/SAPO-34 (Fig. 7¢), however,
high selectivities to C,—Cs alkanes were de-
tected after only 1 h time-on-stream. Dur-
ing the induction period of Pd/SAPO-34,
the rate of CO hydrogenation remained
constant, while oxygenate production de-
creased with a complementary increase in

C,+ hydrocarbon fraction. All hydrocarbon
products obtained on Pd/SAPO-#n catalysts
were alkanes.

CO hydrogenation was also studied using
two catalyst beds in series, consisting of
Pd/Al,O; followed by SAPO-5 (Fig. 8). The
selectivity of the single-bed bifunctional
catalyst (Fig. 8a), was quite similar to that
obtained with the follow-bed experiment
(Fig. 8b), although in this case the hydro-
carbons were primarily olefins instead of al-
kanes. Even for this two-bed system, high
selectivity to oxygenated products (DME
and MeOH) was observed. Similar results
were obtained with a single bed containing
a mixture of Pd/AlL,O; and SAPO-5 cata-
lysts (Fig. 8c).

Table 4 shows the isoalkane/normal al-
kane ratios for butane and pentane prod-
ucts obtained at steady state over Pd/
SAPO-5 and Pd/SAPO-34 in this study and
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Pd/SAPO-5
(a)

100

®
(=4

o
=3

Selectivity
(% CO converted to products)

Pd/A1,0,- Pd/SAPO-5 Follow - Bed
(b)

100

Selectivity
(% CO converted to products)

Pd/Al,O, +Pd/SAPO-5  Admix
0 3
()

8oL

Selectivity
(% CO converted to products)

Hydrocarbons

F1c. 8. Selectivities for two beds in series, standard
steady state; (a) PdA/SAPO-3, (b) Pd/ALQO; followed by
Pd/SAPO-5, (¢) Pd/AL,O; + Pd/SAPO admix.

over Pd/HZSM-5 under similar conditions
in our previous study (3). It is evident that
Pd/SAPO-5 produces butanes and pentanes
with iso/norm values far exceeding those of
Pd/HZSM-5. On Pd/SAPO-34, most of the
hydrocarbon products were normal al-
kanes.

Infrared spectra of Pd/SAPO-5 and Pd/
SAPO-34 catalysts under standard reaction
conditions, shown in Fig. 9, exhibit absor-
bance bands similar to those seen for Pd/
HZSM-5 (3). CO chemisorbed on Pd in a
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TABLE 4

Ratio of Iso/Normal Products®

Catalyst iCy/nCy iCs/nCs
2% Pd/SAPO-5 6.7 10.8
2% Pd/Al,O,-SAPO-5 2.3 >15
2% PA/SAPO-34 0.0 0.1
2% Pd/HZSM-5° 0.9 2.9

4 Standard reaction conditions.
5 From Ref (3).

bridge-bonded fashion gives rise to the
1970 cm™! band, with an absorbance band
due to linear bonding CO masked by the
large gas-phase CO band (2200-2000 cm™1).
Pd/HZSM-5 showed peaks at 1590 and 1480
cm™}, attributed to formate and methoxy
groups, respectively, that existed on the ze-
olite support (16). Bands at 1600, 1480 cm™!
on Pd/SAPO-5 and at 1590, 1480 cm~! on

] F_‘ 1600 cm!

Pd/SAPO-34
™N 1480 em-!

60

1970 cm!

B
o
)

% ABSORBANCE
n
[=]
i

Pd/SAPO-5

0
2800

[l i
2800 1800
WAVENUMBERS (cm1)

FiG. 9. IR spectra for Pd/SAPO-5 and Pd/SAPO-34
catalysts under standard reaction conditions.

1300
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FiG. 10. Effect of temperature on selectivity (P =
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160 P/SAPO-11
(c)
w
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Pd /AI203
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(d)
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40}
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Selectivity
(% CO converted to products)
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Temperature ( °C )

1
250 300

18.0 atm, H,/CO = 2.0, flow = 60 sccm/min); (a)

Pd/SAPO-5, (b) Pd/SAPO-34, (c) Pd/SAPO-11, and (d) Pd/AlL,O;.

Pd/SAPO-34 are similar to those seen on
HZSM-5 in this region. The bands for Pd/
SAPO-11 (not shown) appear at about the
same frequencies as those for the other cat-
alysts, but they are less intense.

After reaching steady state under stan-
dard conditions, the catalyst activities were
measured at different temperatures (up to
300°C). From the Arrhenius plot, activation
energies were found to have values ranging
from 14.3 to 17.9 kcal/mole (Table 3),
which is a rather narrow range for catalysts
exhibiting such different product distribu-
tions. Accompanying the expected increase
in overall rate with temperature was a sig-
nificant change in selectivity over three of
the catalysts, as seen in Fig. 10. With the
exception of Pd/SAPO-34, temperature in-
creases resulted in an increase in the meth-
ane selectivity and a decrease in oxygenate

selectivity. At the higher temperatures over
Pd/SAPO-5, C,+ hydrocarbons also de-
creased to low levels while CH; yields
neared 80%. The exception to this trend of
increasing methane fractions with tempera-
tures was Pd/SAPO-34, with its product
distribution relatively insensitive to tem-
perature changes in the range studied.

Variations in the hydrocarbon selectivity
were also observed when the ratio of H, to
CO in the feed was altered (Fig. 11). For
both Pd/SAPO-5 and Pd/SAPO-34, increas-
ing the H,/CO ratio led to higher oxygenate
yield while decreasing the C,+ hydrocarbon
fraction. This trade-off is similar to that ob-
served during the induction period over Pd/
SAPO-34. Selectivities over Pd/SAPO-11
and Pd/Al,O; were found to be relatively
insensitive to changes in the CO/H, feed
ratio.
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DISCUSSION

Catalyst characterization. The objective
of the detailed characterization work car-
ried out was to verify if the synthesis proce-
dures used have yielded the desired SAPO-
n materials and to determine the nature of
Pd dispersion onto the molecular sieves. It
remains to clarify from the characterization
results the extent of the Si substitution and
the properties of these materials.

The argon adsorption isotherms in Fig. 4
show that the materials are microporous.
Except for SAPO-34, the molecular sieves
exhibit P/P, transitions that are in accord
with their pore radius (/7). The higher than
expected transition on SAPO-34 could be
due to the effect of the cages, the possible
flexibility in the chabazite structure, and/or
the reaching of the limit of resolution of the

technique. For ZSM-5, a second transition
around P/Py = 0.001 is observed. The na-
ture of this phenomenon has been the sub-
ject of speculation (I7-19) and involves
adsorbate—adsorbate interactions. Even
though the ordering of the P/P; transitions
does not follow the expected pattern for
SAPO-34, the order of magnitude of the
transitions is in line with the channel size
reported in the literature (12).

The chemical compositions (Table 1) and
XRD data (not shown) indicate that the
synthesis yielded materials that conformed
to the specifications of the Union Carbide
patent (12). The data listed in Table 1 imply
that the primary substitution mechanism is
silicon for phosphorus (mechanism (i) de-
scribed earlier). SAPO-5 shows the ideal
substitution mechanism (i) (Si + P = Al)
while SAPO-11 reveals the presence of
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mechanism (ii) as well (Si + P > Al, Al #
0.5). SAPO-34 might contain a slight
amount of occluded aluminum, which
might explain its high Al content (Al > 5.4
(4), although the loss of adsorption capacity
is not apparent from the argon sorption
studies.

The peak near —90 ppm of the Si NMR
spectra for the SAPO samples has been as-
signed to silicon with four aluminum neigh-
bors (via oxygen bridges) resulting from
substitution mechanism (i) (9, 10, 20). The
shoulder at around —110 ppm implies that a
single substitution mechanism must not be
occurring and that Si—O-Si linkages exist
(10, 20), and/or small amounts of amor-
phous silica are present. We do not observe
a loss in argon adsorption capacity, which
would be expected from the presence of
amorphous silica. Thus, we suspect that the
intensity around —110 ppm indicates sub-
stitution mechanism (ii)) for SAPO-5 and
SAPO-11. For SAPO-34, the low intensity
in the region —100 to — 110 ppm would sug-
gest few to no Si—~O-Si linkages.

The TPD spectra of NH; from the molec-
ular sieves are in good agreement with
those published elsewhere for HZSM-5
(21), SAPO-5 (22), and SAPO-11 (23). No
data are available for comparison with
SAPO-34. Note that SAPO-5 and SAPO-11
show only weak acidity (assumed from
temperature maxima in desorption peaks)
while SAPO-34 reveals sites with strengths
comparable to those of HZSM-5. The total
NH; desorption from the molecular sieves
listed in Table 1 compares extremely well
with that of Tapp ef al. (23), who showed
that for SAPO-5, with Si/(Al + P + Si) =
0.5, the acid site concentration was less the
theoretical maximum calculated by assum-
ing one silicon atom equals one acid site.
From the ?Si NMR spectrum of SAPO-5,
we expect this result to be true also. The
PSi NMR spectrum of SAPO-11 indicates
that its exchange capacity should be well
below the theoretical maximum, which
agrees with the NH; TPD. From the NH;
desorption, the number of acid sites in
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SAPO-11 is approximately half of the total
number of silicon atoms in the sieve. For
HZSM-5 and SAPO-34, which show strong
acid sites, the total number of NH; mole-
cules desorbed exceeds the theoretical
maximum exchange capacity. The excess
above the maximum exchange capacity is
most likely due to NH; adsorption at Lewis
acid centers as suggested by Post and van
Hooff (21). SAPO-5 and SAPO-11 also con-
tain Lewis acidity (23, 24). Thus, the total
NH; desorption capacity for SAPO-5 and
SAPO-11 are probably affected by the pres-
ence of Lewis acid centers as well.

In summary, the characterization results
indicate that we have synthesized SAPO-53,
SAPO-11, and SAPO-34 molecular sieves
with 12-, 10-, and 8-ring pore systems, re-
spectively. The primary mechanism of Si
substitution is (i); however, some substitu-
tion via mechanism (ii) occurs also, in par-
ticular in SAPO-11. SAPO-34 might contain
a slight amount of occluded Al. The Pd-
impregnated SAPO-n molecular sieves
have palladium particles on the exterior
surface of the molecular sieve crystals, al-
though the existence of a small fraction of
Pd residing within the pores cannot be ruled
out.

Activity results. The activation energies
for CO conversion, although varying
slightly among the various catalysts, are in
the same order as that reported for metha-
nol synthesis on Pd (25, 26). Differences in
turnover numbers agree with reports indi-
cating that methanol synthesis on Pd is af-
fected by the nature of the support (27).
The nature of this effect is not clear but it
can arise from the interaction of the acidic
support and the metal or from particle size
effects. Since the acidity resides mainly in-
side the cages, acidity and compositional
effects of the external surfaces of the mo-
lecular sieves with the Pd particles are
probably relatively small. It is then likely
that the differences in turnover frequencies
are due to particle size effects.

While the role of the Pd function on
methanol synthesis is fairly clear, the de-
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tailed pathway of oxygenate conversion on
the molecular sieves depends on several re-
lated factors which are not easy to sepa-
rate. Experiments with the metal and mo-
lecular sieve functions, mixed or used in a
follow-bed experiment (Fig. 8), clearly
prove that hydrocarbon formation occurs
via oxygenate conversion over the SAPO
molecular sieves. Although differences are
observed in terms of iso and normal prod-
ucts (Table 4) and in the aromatic fraction,
the selectivities toward hydrocarbon for-
mation (alkanes) are similar for the Pd/
SAPO-5 and Pd/ZSM-5 catalysts. Thus,
one can speculate that the conversion of
methanol to hydrocarbons follow a similar
general reaction pathway on both catalysts.
The reaction pathway for hydrocarbon for-
mation on ZSM-5 has been discussed in the
literature (28, 29). While differences of
opinion exist regarding the specific nature
of the intermediates, agreement exists
about the lumped autocatalytic reaction
pathway proposed by Chen and Reagan
(28) consisting of (1) oxygenates — olefins,
(2) olefins + oxygenate — higher olefins,
and (3) olefins — aromatics and alkanes. In
the bifunctional catalysts, an alternative
termination step (4) exists on Pd; olefins +
H, — alkanes. This model can explain the
different product distribution observed in
terms of the properties of the molecular
sieves. The effect of the H,/CO ratio and on
the product distribution (Fig. 11) agrees
well with the above scheme. The autocata-
lytic step also explains the need for lower-
ing the flow rate or introducing propylene
to activate the Pd/SAPO-n catalysts.

The Pd/SAPO-5 and Pd/ZSM-5 catalysts
are different in terms of their acid
strengths, pore size, and pore structure, the
former catalysts having one-dimensional
12-ring channels, and the latter having mul-
tidimensional 10-ring channels. Since both
catalysts have approximately the same Pd
dispersion, and assuming no significant
support interaction, it follows that CO hy-
drogenation activity to oxygenates should
be nearly the same in both catalysts. How-
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ever, oxygenate fraction is higher on the
Pd/SAPO-5 catalyst; consequently, step 2,
leading from oxygenates to higher olefins
and step 3, responsible for aromatic forma-
tion, must be slower on Pd/SAPO-5. The
need to activate the SAPO-5 with propyl-
ene or by using longer residence times also
supports the argument that the autocata-
lytic step 2 is slower in this catalyst. The
lower acid strength of the SAPO-5 molecu-
lar sieve could be responsible for this lower
activity of the autocatalytic conversion of
oxygenates. The higher iso/normal C4 and
Cs ratios observed on the Pd/SAPO-5 than
on the Pd/ZSM-5 (Table 4) may result from
the larger channel size of the SAPO-5,
which could accommodate higher concen-
trations of the iso products than the smaller
size channels of ZSM-5.

The lack of hydrocarbon formation on
Pd/SAPO-11 is clearly due to the combina-
tion of pore size and its one-dimensional
channel structure, since it has acidity com-
parable to that of SAPO-5 and similar IR
bands under reaction conditions. The IR
bands, although less intense on SAPO-11
than on SAPO-5 (Fig. 9), are indicative that
oxygenated species are interacting with the
active sites on both molecular sieves (/6).
The band at 1490 cm™! has been ascribed to
the methoxy group which has been linked
to oxygenate conversion to olefins. The
SAPO-11 channel may not accommodate
the necessary transition state intermediate
for oxygenate conversion, whereas SAPO-
5, with larger pore diameter, provides suf-
ficient space for the intermediate and
reaction products. Furthermore, the
unidimensional structure of the pores on
SAPO-11 may have inhibited further the
transport of reactants and product in and
out of the pores. The Pd/ZSM-5 catalyst
has pores of size similar to that of the Pd/
SAPO-11 catalyst. However, the multidi-
mensional pore structure of the former has
channel intersections where intermediates
that are not allowed in a one-dimensional
pore can form, and which allows transport
in and out of the framework.
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The selective formation of light hydro-
carbons on Pd/SAPO-34 is similar to results
reported for methanol conversion on
SAPO-34 to C;~C, hydrocarbons (/7). The
high acid strength, comparable to that of
ZSM-5, and the high exchange capacity of
SAPO-34 (Fig. 3, Table 1) are probably re-
sponsible for the high oxygenate conver-
sion observed in this catalyst (Fig. 7c). The
IR spectrum on SAPO-34 is similar to that
of SAPO-5 and in fact to that of PdA/HZSM-
5 (3), indicating that the intermediates asso-
ciated with the acid functions are the same
on these materials. SAPO-34, with a cage
structure accessible via eight-membered
rings, has micropores smaller (4.3 A) than
those of SAPO-11, yet is capable of hydro-
carbon formation whereas the later material
is not. This apparent contradiction can be
resolved if, in addition to acidity, the pore
structure, which in the case of SAPO-34
contain cages versus the one-dimensional
SAPO-11, i1s accounted for. Almost no
branched hydrocarbons were observed in
the products obtained from SAPO-34 be-
cause they cannot diffuse through an eight-
membered ring.

Temperature affects CO conversion to
oxygenates on Pd and also the other reac-
tions on the molecular sieves. Methane for-
mation increases with temperature in all
catalysts except SAPO-34, in agreement
with the higher activation energy of the
methanation reaction on Pd (27). Higher
methane production is observed on Pd/
SAPO-n catalysts than on Pd/AlOj;, indi-
cating that methane formation from oxy-
genates increases as temperature increases.
Methane production has also been shown
to occur for methanol conversion on ZSM-5
(28), in agreement with the previous argu-
ment. On Pd/SAPO-34, apparently the
drain off of oxygenated intermediates from
the Pd surface lowers methane production
as temperature increases. The effect of H,/
CO ratio agrees with the trends expected
from the reaction pathway, i.¢., increasing
hydrogen concentration decreases olefin
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production and thus decreases hydrocar-
bon formation.

In summary, the results obtained in this
work show that CO hydrogenation occurs
in all the Pd/SAPO-n and on Pd/Al,O; cata-
lysts with similar overall CO conversion
rates and activation energies. Hydrocarbon
synthesis, however, was highly specific of
the molecular sieves used, ranging from no
detectable C,+ hydrocarbons for Pd/SAPO-
11, to a highly selective fraction of C, to C;
hydrocarbon range for Pd/SAPO-34, to a
wide range of C,+ hydrocarbons for Pd/
SAPO-5. The bifunctional reaction path-
way to hydrocarbon synthesis consisting of
methane, methanol, and dimethylether syn-
thesis over Pd, followed by conversion of
the oxygenates to C,+ products on the mo-
lecular sieves, is similar to that previously
reported for Pd/ZSM-5 catalysts. The dis-
tribution of the hydrocarbon products is de-
termined by the molecular sieve acidity,
pore size, and pore structure.
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