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Abstract

The behaviour in syngas conversion of Me/AlPO,-5 and MeAPO-5 (Me=Fe, Co, ~4 wt%), as well as that of hybrid
systems comprising an iron Fischer-Tropsch (FT) catalyst physically mixed with SAPO-5, FAPO-5, SAPO-11 and FAPO-11,
was studied at 1.2 MPa, 573 K and H,/CO=1. Conversion of CO was much lower for Fe/AIPO,-5 and MeAPOs than for
Co/AIPO,4-5, which could be related to the presence of the metal in high-oxidation states on the former. Significant differences
in selectivity were observed as a result of changes in the type of metal and in the way that the metal is introduced in the
catalyst (added to the synthesis gel or impregnated on the molecular sieve). These differences in selectivity were explained in
terms of the facility of forming alkenes (related to metal sites) and the presence of acid sites. Alkenes formed on the FT
catalyst underwent oligomerisation, cracking, skeletal isomerisation and hydrogen transfer reactions in the presence of the
physically mixed SAPO-5 and FAPO-5. Double bond shift and skeletal isomerisation were the only alkene transformations
observed on the mixtures of FT with AEL-like catalysts (FT-FAPO-11 and FT-SAPO-11). Deactivation of acid sites with time-
on-stream was evidenced for the physical FT-molecular sieves mixtures. However, their higher selectivity toward light
hydrocarbons, as compared to that in the absence of molecular sieves, persisted. It was observed that the FAPO phase (FAPO-5
or FAPO-11) added to the FT catalyst led to an increase in the syngas conversion, probably due to the participation of iron-
species associated with the molecular sieves. © 1998 Elsevier Science B.V.
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1. Introduction reserves. Proper selection of the catalyst and of the
reaction conditions allow changes in product distribu-

The Fischer—Tropsch (FT) synthesis emerges as a tion. However, as a result of the chain growth mechan-
promising option to obtain clean fuels and chemical ism, there is inherent limitations to the changes in
products from natural gas and coal due to environ- selectivity. Due to their properties, i.e. high-surface
mental restrictions and the decrease of petroleum area, acidity and shape selectivity molecular sieves
have attracted attention for their application on the FT

*Corresponding author. Fax: (+58-2)605.21.36; e-mail: synthesis in several ways [1,2]. Their use as supports
mcubeiro@strix.ciens.ucv.ve has been considered not only to provide high metal
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dispersions, but also to take advantage on possible
shape selectivity effects [1,3]. It has also been pro-
posed that unusual selectivities could be obtained
when the metal (Fe, Co) is incorporated into the
molecular sieve framework [2,4,5]. The effect of
the acidity of zeolites on the FT synthesis has also
been tested. The zeolitic phase has been used either as
support or physically mixed with the FT catalyst or in
a separated bed. In this way, the acidic—zeolitic phase
can intercept and convert linear 1-alkenes produced by
the FT component. For instance, Y type [6] and ZSM-5
[2] zeolites have been used to provide gasoline-range
products of enhanced octane ratings. Aluminopho-
sphate molecular sieves can be prepared over a wide
range of framework composition and crystalline topol-
ogy. So these structures look very attractive for FT
synthesis. Surprisingly they have been scarcely stu-
died for this reaction.

AlPO4-5 (AFI) and AIPOs-11 (AEL) molecular
sieves have one-dimensional channel system with
large (~0.8nm) and medium (~0.6nm) pores,
respectively. The acid properties of these solids can
be modified by introducing elements different from Al
and P in the framework at different loading. Appro-
priated combination of both acidity and crystal topol-
ogy can made these structures very active and
selective for the transformation of linear alkenes into
branched alkenes. Thus, AEL-based catalysts have
been shown to be very selective toward the skeletal
rearrangement during the transformation of 1-butene
[71.

In the present study, the catalytic behaviour in
syngas conversion of iron- and cobalt-aluminopho-
sphates with the AFI structure (FAPQ-5, CoAPO-5)
was compared to that of the same metals supported on
AlPO4-5 {Me/AIPQ,-5). Bifunctional systems, com-

prising an iron-promoted FT catalyst physically mixed
with aluminophosphate molecular sieves (FAPO-5,
SAPO-5, FAPO-11 and SAPO-11) were also investi-
gated.

2. Experimental

2.1. Catalysts preparation

The FAPO-5, CoAPO-5, AIPO,-5, SAPO-5, FAPO-

11 and SAPO-11 molecular sieves were synthesised _

according to the procedures given in Refs. [§8-12]. In
Table {1 synthesis conditions are presented. After
washing and drying, the solids were calcined under
an air flow (20 ml/min g) at 473 K for 1 h. Then, the
temperature was raised to 813 K and kept there for
16 h. Me/AIPOQg4-5 were prepared by incipient wetness
impregnation of AIPO,-5 with iron-III and cobalt-IT
nitrates, followed by drying at 413 K and calcination
in air flow (20ml/ming) at 723K for 3 k. :’The

FeKMn/AlL,O; FT catalyst was obtained by co-
impregnation of iron pitrate and the promoter salts
(manganese nitrate and potassium carbonate) on Kent-
jen CK-300 y-Al,O5 (particle size<0.12 mm). Drying
and calcipation were as for Me/AIPO,-5 solids.

The FT catalyst was physically mixed with quariz
sand as diluent (FTQ) or with FAPO-5 (FTF-5),
SAPO-5 (FTS-5), FAPO-11 (FTF-11) or SAPO-{1
(FTS-11). The FT: diluent or sieve proportion was
1:1 (wt:wt).

2.2. Catalysts characterisation R—

X-ray diffraction (XRD) patterns of the alumino-
phosphate molecular sieves were obtained using a

Table 1

Conditions for aluminophosphates synthesis

Solid Gel molar composition T, (X)

AlPO,-5 AlyO3 1 P,Os : TEACH : 40H,0 423

SAPO-3 A1203 . P205 : 1.5E'[3N . 0.45102 : 4OH20 473

FAPO-5 0.9A1,0; : P,0Os : 1.5Et;N : 0.2FeQ : 40H,0 423 o
CoAPO-5 0.9A1,05 : P,05 : 1.5Et;N : 0.05C00 : 40H,0 473 -

FAPO-11 0.9A1,03 : P,0O5 : DPA : 0.2Fe0 : 40H,0 423

SAPO-11 AlO5: P05 : 0.38i0; : DPA : 50H,0 473

TEAOH: tethraetylammonijum hydroxide; Et;N: thriethylamine; DPA: dipropylamine; T. and 2. crystallisation temperature and txme,

respectively.
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Philips diffractometer with CoK, radiation. Surface
areas were measured by nitrogen adsorption with a
Micromeritics Flowsorb 1T 2300 analyser. Elemental
analysis of the solids was performed by ICP (argon
plasma) and flame absorption and emission, with
Jobin Yvon JY24 and Varian Techtron spectrophoto-
meters, respectively. °Si MAS NMR spectra were
recorded in a Bruker AM spectrometer, following
reference [10]. Bulk iron phases of FAPOs were
analysed by >’Fe Md&ssbauer spectroscopy, using a
source of >’Co in a Pd matrix. About 0.2-0.3 g of the
sample was placed in an aluminium holder and sealed
with epoxy. Spectra were recorded at room tempera-
ture and fitted by means of a least-squares fitting
program.

2.3. CO hydrogenation reaction

The CO hydrogenation reaction was performed in a
continuous-flow system with a fixed-bed stainless
steel reactor (1.07 cm ID). Liquid products were
collected in a stainless steel trap at room temperature.
Before reaction FAPO-5, Fe/AlPO,-5, as well as the
physically mixed iron FT catalyst were submitted to
reduction (Hp, 50 ml/min g, 723 K, 16 h) followed by
carburisation (CO, 25 ml/min g, 423 K, 4 h, 573 K,
17 h). Pre-treatment conditions were the same for
cobalt catalysts, but the carburisation step was
omitted. Catalytic tests were performed, using ~3 g
of the pre-treated solid, at 573 K and 1.2 MPa, (H./
CO=1). Space velocities expressed as litres of the feed
gas per gram of catalyst per hour were 0.6 /g, h for
MeAPOs and Me/AIPO,-5 and 1.2 V/ggr o h for the
FT catalyst physically mixed with quartz sand or
molecular sieves. For the physical mixtures, the
weight of catalyst was taken to be that of the FT
catalyst alone. Runs were carried out over a period of
24 h on stream for the MeAPOs and Me/AIPO,-5, and
between 48 and 96 h for the composite catalysts.
Effluent gases were analysed periodically by gas
chromatography. Permanent gases (N,, CO, CH,,
CO,) were analysed on line with a Varian 3300 gas
chromatograph provided with a thermal conductivity
detector using a Carbosieve SII packed column. C;-C5
hydrocarbons were analysed in a Chrompack CP 9001
chromatograph with a flame ionisation detector and a
WCOT Al,O4/KCl fused silica column. CO conver-
sions were determined using nitrogen, present in the

feed gas (5%) as internal standard, and chromato-
grams were correlated through methane. Hydrocarbon
distributions for MeAPOs and Me/AIPQ,-5 are pre-
sented as C,/C; ratios. Because of the low syngas
conversion obtained in some cases, detection of Cy-
hydrocarbons was difficult. For tests with the physi-
cally mixed FT catalyst selectivities were determined
as: carbon converted to a given product/total carbon
converted. CO, free selectivities were obtained as the
ratio: selectivity to a hydrocarbon fraction /(1-CO,
selectivity). The Cg- selectivity was obtained as the
difference between 100% and the C;~C; hydrocarbons
selectivity. It includes, besides the Cg+ hydrocarbons,
oxygenates that could be formed by the FT catalyst.

3. Results and discussion
3.1. Catalysts characterisation

The XRD patterns of the as synthesised solids all
showed the AFI or AEL structures as the only crystal-
line phases (Fig. 1). The cobalt and iron contents of
aluminophosphates-based catalysts were 3—4 wt%,
except for CoAPO-5 (Table 2), since the preparation
of this solid was only possible at a lower cobalt
loading (1.2 wt%). A cobalt-containing synthesis
gel, prepared with the same metal loading and under
conditions similar to those used in the FAPO-5 synth-
esis, led to a high purity CoAPO-34 solid having the
TO, formula given in Table 2. This solid was also
tested for syngas conversion.

According to the elemental analysis (TO, formulas,
Table 2) substitution of aluminium by iron or cobalt
for FAPO-5 and CoAPO-5 seemed to occur. However,
for CoAPO-34 the ratio P/(Al+Co) was lower than
unity, suggesting the occurrence of extra-framework
cobalt. *Si MAS NMR spectrum for SAPO-3
(Fig. 2a) showed a signal at around —90 ppm typical
of a Si(4Al) environment, suggesting the incorpora-
tion of silicon mainly by the SM2 mechanism. By
contrast, for SAPO-11 (Fig. 2b) asignal at —113 ppm,
associated to Si(0Al), was observed, indicating the
presence of ‘silicon islands’ in the solid. Pyridine
adsorption followed by FTIR showed a higher number
of Bronsted acid sites for SAPO-3 than for SAPO-11
[10]. For SAPO-5, a significant proportion of acid sites
(60%) did not retain pyridine at temperatures higher
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Fig. 1. XRD patterns of as synthesised (a) FAPO-5; and (b) FAPO-
11.

than 623 K. For SAPO-11, however, nearly 100% of
the acid sites retained pyridine at temperatures higher
than 623 K.

Impregnation of AIPO4-5 with iron led to a sig-
nificant loss of surface area, whereas the decrease in
sorption capacity by cobalt impregnation was much

(a] b
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Fig. 2. »°Si MAS NMR of (a) SAPO-5; and (b) SAPO-1T.

less (Table 2). A larger decrease of the XRD peaks
intensity relative to that of the support was also
observed for Fe/AIPO4-3 (close to 60%). This con-
comitant loss of N, sorption capacity and XRD crys-
tallinity strongly suggests structural modification of
the molecular sieve as a result of the impregnation
procedure. In fact, the high acidity of the impregnating
solution due to the iron hydrolysis might have caused a
partial crystalline collapse.

The structure of CoAPO-34 is of the chabazite typef

(CHA), this solid showed a very low-surface area
(Table 2). A significant decrease (70%) of the XRD
peaks intensity after calcination was detected. This is
probably due to a partial crystalline collapse induced

by the relatively high level of cobalt in the AlPO4-34

framework.

The colour of the cobalt based solids suggested the
existence of different oxidation states and co-ordina-
tion. The colour of CoAPOs changed from blue

h‘ ‘

Table 2

Elemental analysis and BET surface areas of calcined aluminophosphate molecular sieves and FT catalyst

Sample TO,; formula Me (wt %) S (m /g)
AlIPO4-5 (Po.49Alp5)0, 358
Fe/AIPO,-5 — 4.41 118
Co/AIPO4-5 — 3.94 -308
FAPO-5* (P0‘51A10v43F80,05)02 3.68 306
CoAPO-5 (P(]VSQAlOAéCOO‘[]g)OZ 1.18 . 4007 -
CoAPO-34 (P0.45A10'47C00‘03)02 5.64 36 _
FAPO-5° (Po.ag Alp.47 Fegos)Oa 3.1 346 |
FAPO-11 (Po,sg A}D";ﬁ Feo‘og;)Oz 2.99 o ) 176 o
SAPO-5 (Po,a9 Alpas Sipgs)0O2 3237
SAPO-11 (Po.47 Alg47 Sipps)O2 124 . __
FeKMn/Al,O3 — Fe: 19 (K: 5, Mn: 4) 144

* Used in MeAPOs tests.
b Used in FTF-5 mixture.

[
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Table 3
Mdssbauer parameters for FAPO-5 and Fe/AIPO4-5

Solid IS FWHM QS Area Species
(mm/s) (mm/s) (mm/s) (%)

FAPO-5 0.38 0.70 1.06 91 Fe’*
Caleined 1.20 0.50 2.02 9 Fe**
FAPO-3 0.40 0.70 0.61 58 Fe*
Red.—carb. 1.08 0.60 2.32 42 Fe?*
FAPO-5 0.29 0.70 0.74 46 Fe’*
After reaction  1.17 0.60 2.20 54 Fe?*
Fe/AIPO,4-5 0.35 0.70 1.04 81 Fe**
Red. 0.74 0.60 1.31 19 Fe?*
Fe/AIPO,-5 0.14 0.50 0.40 12 SP?
Red.—carb. 1.14 0.60 2.19 88 Fe?*
Fe/AIPO,-5 0.14 0.50 0.35 10 Sp?
After reaction  1.15 0.60 2.18 90 Fe?*

IS: isomer shift, FWHM: full width at half maximum, Qs:
quadrupole splitting.
? Superparamagnetic species of iron carbides are probable.

(tetrahedral Co**) for the as synthesised solids, to
green after calcination (tetrahedral Co>™) and again to
blue after reduction (darker colours for CoAPO-34,
with a higher cobalt content than CoAPQO-5). On the
other hand, Co/AlPO,-5 was pink (octahedral Co”)
after impregnation, and grey after calcination (prob-
ably due to cobalt oxide) and after reduction (probably
due to zero valent cobalt).

The absence of magnetic signals in the Mdssbauer
spectrum of the calcined FAPO-5 indicated the pre-
sence of highly dispersed iron, which could be due to
iron in the framework and/or iron in small super-
paramagnetic particles of extra-framework iron oxide.
During the reduction and carburisation pre-treatment,
and to a lesser extent under syngas reaction, nearly
half of the Fe®* was transformed to Fe®" (Table 3,
Fig. 3a). For Fe/AIPO,4-5 a progressive increase in the
Fe®™ proportion after reduction with H, and mainly
after CO treatment occurred (Table 3). After reaction
(Fig. 3b), the iron-phase composition was unchanged,
with about 10% of iron present as carbides. The
transformation to metallic iron or carbides seems to
be difficult for this catalyst. Similar results were
reported previously for iron impregnated on AIPO4-5
[13]. The formation of an iron compound by reaction
with the support cannot be excluded, considering the
reduction behaviour of iron in this catalyst and the
changes in surface area and crystallinity.

e T L T, 7, ?

2T
A AT T P v Ty
F AR ¥

(a)

¢
T T T T
T3 T A
? ~+V:M}f
‘ —

(b)

‘ ;
-8 0 8
V (mm/s)

Fig. 3. Mossbauer spectra of (a) FAPO-5; and (b) Fe/AIPO,-5 after
reaction.

3.2. CO hydrogenation reaction

3.2.1. MeAPOs and Me/AIPO45

Co/AIPO4-5 gave rise to 42% CO conversion, but
the other catalysts showed very low activities (3% or
lower). These results could be attributed to the trans-
formation of cobalt to zero valent metal in Co/AIPO4-
5, whereas the metal was in the ionic states for the
other solids, as shown by Méssbauer spectra for the
iron catalysts and as suggested by the colour of the
cobalt catalysts. Jong and Cheng [14] have found that
for cobalt containing ZSM-5 zeolites, the catalytic
activity in CO hydrogenation was directly propor-
tional to the amount of metallic cobalt present.

The product selectivities of the cobalt catalysts
showed great differences. Fig. 4 shows the C,/C;
ratios for Co/AIPO,-5 and CoAPOs. The hydrocarbon
distribution, referred to the C; fraction, indicates a
much higher-methane formation for Co/AlPO4-5
compared to CoAPOs. It is worth mentioning that
the reaction temperature (573 K) chosen for compara-
tive purposes is substantially higher than those com-
monly used with cobalt supported catalysts (450—
520 K).

The alkenes/alkanes ratios for the C, and C; frac-
tions (Fig. 5) indicated a higher alkenes selectivity for
iron in comparison with cobalt catalysts. Generally,
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Fig. 4. Hydrocarbon distribution for CO hydrogenation on Co/

AlPO45 and CoAPOs (573 K, 1.2 MPa, Hy/CO=1, 0.6 Vg, b,
15 h on stream).
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Fig. 5. Alkenes/alkanes ratios of the C, and C; fractions for CO
hydrogenation on Me/AIPO4-5 and MeAPOs (573 K, 1.2 MPa,
H,/CO=1, 0.6 /g,y h, 15 h on stream).

cobalt is a more active hydrogenation catalyst than
iron. However, the difference in conversions must be
taken into account when comparing Co/AlPO,-5 with
the other catalysts due to the probability of secondary
alkenes hydrogenation. At lower CO conversions a
higher alkenes selectivity should be expected.

FAPO-5 showed a higher ethylene/ethane ratio than
Fe/AlPO,4-5, but the propylene/propane (Fig. 5), as
well as the C3/Cy ratio (Fig. 6) were lower. This
behaviour could be attributed to the transformation
of propylene into other hydrocarbons by oligomerisa-
tion and subsequent cracking of oligomers on the acid
sites of FAPO-5 [15].

CoAPO-34 and CoAPO-5 showed a low ethylene/
ethane ratio and the lowest propylene/propane ratio
among all the catalysts (Fig. 5). Since a well defined
maximum on the C; fraction was observed (Fig. 6), it
seems that propylene was hardly formed on CoAPOs.
The species responsible for CO hydrogenation in
CoAPOs appears to have a high selectivity to alkanes

carbon number

Fig. 6. Hydrocarbon distribution for CO. hydrogenation on Fe/

AIPO,-5 and MeAPOs (573 K, 1.2 MPa, Hy/CO=1, 0.6 llgmh
15 h on stream).

formation. Acidity was not evident from CoAPOs
selectivity in syngas conversion.

Linear hydrocarbons are the main products over
conventional FT catalysts. Among all catalysts only
FAPO-5 and Co/AIPO4-5 gave rise to significant
amounts of branched hydrocarbons. After 15h on
stream FAPO-5 showed 56% of iso-butane on C,
hydrocarbons and 62% of iso-pentane on the Cs
fraction. For Co/AlPO.-5 the proportions were 27
and 49%, respectively. With FAPO-5 iso-alkanes
could be produced through skeletal isomerisation of
alkenes and hydrogen transfer reactions on the acid
sites {6]. With Co/AIPO,4-5, at a higher syngas cton-
version, iso-alkanes could be produced by secondary
reactions on the cobalt metal site; however a contribu-
tion of the support acidity cannot be discarded.

The notable differences observed in activity and
selectivity among MeAPOs and Me/AIPO4-5 can be
related to different oxidation states of the metal (cobalt
catalysts), different alkenes selectivity (CoAPOs and
FAPO-5) and different acidity (FAPO-5 and Fe/
AlPO,-5).

3.2.2. Mixtures with iron FT catalyst

The use of aluminophosphate molecular sieves as
acidic components in bifunctional systems is another
possible application to the FT synthesis. An iron
catalyst (19% of Fe, Table 2) promoted with potas-
sium and manganese, with high alkenes selectivity,
was used as FT component. FAPO-5, SAPO-5, FAPO-
11 and SAPO-11 were the acidic components.

Fig. 7 shows the CO conversion as a function of
time-on-stream for the FT catalyst physically mixed
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Fig. 7. CO conversion vs. time-on-stream for the FT catalyst
physically mixed with quartz sand and with AFI and AEL
molecular sieves (573K, 1.2 MPa, H,/CO=1, 1.2l/ggrh,
FT : quartz sand or molecular sieve 1: I).

with quartz sand and with AFI and AEL molecular
sieves. For the FT catalyst mixed with quartz sand
(FTQ) a maximum in CO conversion with time-on-
stream was observed. It was stated previously that the
behaviour of iron catalysts is strongly dependent on
preparation, pre-treatment, as well as on reaction
conditions [16,17]. Since the carburisation of the
catalyst was not complete after the pre-treatment, as
indicated by the Mossbauer spectra, the initial
increase in activity could be due to a continuation
of iron transformation under the syngas. The subse-
quent deactivation observed was probably due to
deposition of carbon and high-molecular weight
hydrocarbons and/or sintering of iron.

In principle, since the FT catalyst is responsible for
the syngas conversion, a similar CO conversion per
unit weight of FT catalyst should be expected for all
mixtures. However, since the FT synthesis is a
strongly exothermic reaction, heat transfer effects
can appear. The CO conversion, as well as its variation
with time-on-stream, were higher for the FTQ mixture
than for the mixtures with molecular sieves (Fig. 7).
This result might be attributed to the intervention of
thermal effects, which were more marked in the case
of the FTQ mixture due to a lower bed dilution
efficiency of the quartz sand compared to the alumi-
nophosphates. The great difference in particle density
between quartz sand and the FT catalyst led to bed
fractionating (visually observed). This phenomenon
increases the probability for hot spots to be generated.
A more homogeneous mixture was obtained using o-
Al,O3, whose particle density is closer to that of the

FT catalyst. Recent tests performed using SAPO-11,
FAPO-11 and a.-Al,03 [18], under reaction conditions
similar to the present ones, showed CO conversions
similar or lower for the mixture with a-Al,O3. Con-
cerning the differences in CO conversion between
FTS-11 and FTS-5 mixtures, it is possible that reac-
tions taking place on the acid sites of SAPO-5 and
SAPO-11 could give rise to a different thermal bal-
ance, which could affect the behaviour of the FT
catalyst.

The iron present in FAPO-5 and FAPO-11 showed
some degree of participation in the CO hydrogenation,
since the conversions with the FTF-5 and FTF-11
mixtures were higher compared to that of the mixtures
with SAPOs (Fig. 7). Besides, the CO conversion over
FAPO-5 and FAPO-11 [18] seems to be lower when
they are used alone than when they are mixed with the
FT catalyst. The reaction environment differs in the
two cases: the second one involves a higher concen-
tration of water and hydrocarbons due to the higher-
syngas conversion. Since aluminophosphate molecu-
lar sieves are susceptible to undergo structural changes
by hydrothermal treatment, it would be possible for
the catalytic properties of FAPOs to be modified under
the reaction. Moreover, the difference in CO conver-
sion (Fig. 7, see 2 days on stream) between the FT
catalyst physically mixed with FAPO-11 and SAPO-
11 was higher (15%) than between the FTF-5 and
FTS-5 mixtures (8%). These results indicate that the
syngas conversion was higher for FAPO-11 than for
FAPO-5 under the environment originated with the
physically mixed FT catalyst. Differences in thermal
and hydrothermal stability of iron in these two struc-
tures could be involved. The stability of the framework
iron in FAPO-11 could be lower than in FAPO-5; thus
a higher proportion of iron in the former could
undergo reduction and carburisation, with a conse-
quently higher activity for CO hydrogenation. The
increase of the FAPO-5 proportion from 1 to 2
(Fig. 8a) decreased the CO conversion suggesting that
in this case the bed dilution effect for the FT catalyst
was more important than the participation of iron in
FAPO-5.

3.2.2.1. Mixtures with AFI molecular sieves.
Significant differences on product selectivities after
2 h on stream were observed in the presence of FAPO-
5 and SAPO-5 molecular sieves. The C,-C;
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Fig. 8. Effect of the proportion of FAPO-5 mixed with FT catalyst,
(a) CO conversion vs. time-on-stream; and {(b) C,—C; hydrocarbon
distribution after 2h on stream (573 K, 1.2 MPa, H,/CO=1,
1.2 lger h).

FTS-5

Fig. 9. C~C; hydrocarbon distribution for CO hydrogenation on
the FT catalyst physically mixed with quartz sand and with AFI
molecular sieves. (a) After 2h; and (b) after 2 days on stream
(573K, 1.2MPa, Hy/CO=1, 1.2Vgerh, FT:quartz sand or
molecular sieve 1: 1),

hydrocarbon distribution (Fig. 9a, basis: 100% of
C—C;7 hydrocarbons) showed a decrease in the Cs
fraction together with an increase of C4 and Cs hydro-
carbons respect to the FTQ mixture. This tendency is
similar to that shown by FAPO-5 alone (Fig. 6).
The alkenes/alkanes ratios after 2 h on stream for
the Cs+ fractions (Fig. 10) were much lower on FTF-5
and FTS-5 mixtures that on FTQ. As mentioned

8T _
mFTQ

o G| /MFTSS
¢ °Tlarrrs
= OFTS-1
3 4T |mFTR1
-

[
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=

[}

24

c2 c3 c4 C5

Fig. 10. Alkenes/alkanes ratios of the C,—Cs fractions for CO
hydrogenation on the FT catalyst physically mixed with quartz
sand and with AFT and AEL molecular sieves (573 K, 1.2 MP;l,
H,/CO=1, 1.2 Vggr h, FT: quartz sand or molecular sieve 1: 1,2 h
on stream).

before, propylene was transformed on acid sites giving~
rise to low propylene/propane ratios and to a decrease
of the C; fraction. This was not the case for C, and Cs
hydrocarbons, which showed low alkenes/alkanes
ratios, but they were present in high proportions
(Fig. 9a). Hydrogen transfer reactions leading to more
alkanes on the lighter fractions could account for this
fact. Besides, iso-alkane/n-alkanes ratios for C, and
Cs fractions were much higher in the presence of
FAPO-5 and SAPO-5 (Fig. 11a). These results suggest
that alkenes formed on the FT catalyst underwent
secondary reactions such as: oligomerisation; crack-
ing; skeletal isomerisation; and hydrogen transfer in
the presence of AFI molecular sieves. The increase of
the FAPO-5 proportion in the mixture shifted the
maximum from C, to Cg hydrocarbons (Fig. 8b), most
likely because of a higher density of acid sites and
consequently more extensive secondary reactions.
The acid sites in FAPO-5 and SAPO-5 deactivated,
mainly during the first day on stream. With increasing
times-on-stream, the C;—C, distribution (Fig. 90),
alkenes/alkanes and iso-/n-hydrocarbons ratios
(Fig. 11b) approached to that of the FT catalyst alone.

3.2.2.2. Mixtures with AEL molecular sieves.
Contrary to that observed for the mixtures with AFI
sieves, the FTF-11 and FTS-11 mixtures did not show
large changes on the C,~C; hydrocarbon distribution
(Fig. 12) compared to the FTQ mixture, except for the
Cy-C, fraction on FTF-11. In the presence of FAPO-
11, lower methane and higher C, and C; proportions
were obtained. These results could be attributed to the
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Fig. 11. Iso/normal ratios for Cs and C, alkanes and alkenes for
CO hydrogenation on the FT catalyst physically mixed with quartz
sand and with AFT and AEL molecular sieves. (a) After 2 h; and (b)
after 2 days on stream (573 K, 1.2 MPa, Hy/CO=1, 1.2 lggr.h,
FT: quartz sand or molecular sieve 1 : 1),

participation of the iron in FAPO-11 in CO
hydrogenation forming light hydrocarbons with high
selectivity.

AEL molecular sieves favoured skeletal isomerisa-
tion of alkenes, as seen for the C5 fraction after 2 h on
stream (Fig. 11a). The iso-pentenes/n-pentenes ratio
progressively decreased becoming closer to that of the
FTQ mixture (Fig. 11b). The differences introduced
by these molecular sieves were greater for the Cs than

FTF-11

wt %

(a)
0 t t t t t T
1 2 3 4 5 6 7
carbon number

for the C, fraction. It is well known that alkenes
reactivity on acid catalysis increases with increasing
carbon number. More significant changes could be
expected over the heavier fractions for longer times on
stream.

Double bond shift reaction occurs readily over
molecular sieves. Therefore, the mixture FTQ pro-
duced 1-alkenes with high selectivity, but in the pre-
sence of aluminophosphates the proportions of cis and
trans internal alkenes were higher.

Selectivity showed to be more dependent on the
structure (AFI or AEL) than on the element (Fe or Si)
present in the aluminophosphate. Resemblance in
product selectivities for the mixtures with molecular
sieves of same structure, and significant differences
between AFI and AEL structures were observed
(Figs. 9-12). Although a comparison of selectivity
should be made at the same conversion, the slight
differences in CO conversion in this case did not have
a major influence on the selectivity trends. Thus,
regarding the catalytic behaviour for the first 2 h on
stream when acid sites were less deactivated, CO
conversion was slightly different (Fig. 7) for the mix-
tures with SAPO-5 and FAPO-5 (same structure,
different element) but selectivity was very similar
(Fig. 9a, Figs. 10 and 11a). On the other hand, CO
conversion was closer for the mixtures with SAPO-11
and SAPO-5 (same element, different structure) but
selectivity was quite different (Fig. 9a vs. Fig. 12a,
Fig. 10 and Fig. 11a). The changes on product selec-
tivity of the FT catalyst were more marked in the
presence of FAPO-5 and SAPO-5 than with FAPO-11
and SAPO-11 molecular sieves. This could be related
to a higher acidity and/or to lower restrictions by shape
selectivity for AFI compared to AEL molecular sieves.

FTF-11

Fig. 12. C;-C; hydrocarbon distribution for CO hydrogenation on the FT catalyst physically mixed with quartz sand and AEL molecular
sieves (a) After 2 h; and (b) after 2 days on stream (573 K, 1.2 MPa, Hy/CO=1, 1.2 Vgrr h, FT : quartz sand or molecular sieve 1: 1).
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Fig. 13. Selectivities CO, free for CO hydrogenation with the FT
catalyst physically mixed with gquartz sand and AFI and AEL
molecular sieves (573K, 1.2MPa, H,/CO=1, 1.2l(gerh),
FT: quartz sand or molecular sieve 1 : 1, 2 days on stream).

3.2.2.3. Hydrocarbons  selectivity. The CO,
selectivities were between 40 and 48% depending
on conversion. Fig. 13 shows CO, free selectivities
(carbon converted to a given fraction/total carbon
converted to products different from CO,) obtained
after 2 days on stream. Selectivities to C;—Cy
hydrocarbons were higher in the presence of all
molecular sieves. This tendency, which has been
reported previously in a patent for mixtures of a FT
catalyst with SAPO-11 [19] remained during the tests
(4 days). The increase in lighter hydrocarbon
selectivities in the presence of the aluminophos-
phate sieves could be the combined result of several
effects:

¢ dehydration of alcohols formed on the FT catalyst;
e cracking of heavy hydrocarbons; and

e interception of alkenes on acid sites.

Alkenes can participate in secondary reactions on
FT sites, such as readsorption and chain growth [20].
Oxygenates can also be formed from alkenes, hydro-
formylation is an example. Since aluminophosphate
sieves can intercept alkenes, these reactions would be
suppressed when they are mixed with the FT catalyst,
leading to an increase of the proportion of light
hydrocarbons.

13C NMR spectra of the liquid phase produced with
mixtures of a FT catalyst with AEL molecular sieves
[18] confirmed that the formation of oxygenated
products (alcohols and carbonyl compounds) was
lowered in the presence of these molecular sieves.
A greater hydrocarbon variety, which included
branched hydrocarbons, was also detected. This beha-
viour has been reported previously in the presence of
SAPO-11 [19]. In addition, high-molecular weight

hydrocarbons (waxes) observed at the reactor exit
with the FTQ mixture were absent in the presence
of aluminophosphates. This effect of decreasing high-
molecular weight hydrocarbons without a great
increase on methane formation can be advantageous
to achieve high selectivities for fuels formation.

The highest selectivity to the C,—Cy4 fraction (both
total and to alkenes, Fig. 13) was obtained for the
mixtures with FAPOs, being higher for the FAPO-11.

* Again, the participation of a highly dispersed iron

from FAPOs could be invoked. The potential of
FAPOs as catalysts for syngas conversion is a subject_
which should further be explored.

4. Conclusions

Very different catalytic behaviours in syngas con-
version were obtained for MeAPOs and Me/AIPO4-5
with Me being iron and cobalt. The activity of iron-
based catalysts FAPO-5 and Fe/AIPO,4-5 was low. The
aqueous impregnation of AIPO4-5 with iron led to a
considerable decrease in surface area and support
crystallinity as well as the reduction of iron became
difficult on this catalyst. Iron in FAPO-5 remained
mainly in the ionic state after the reduction—carbur-
isation pre-treatment and syngas reaction. Acidic
properties, which favour interception and conversion
of alkenes produced by CO hydrogenation were evi-
dent for FAPO-5. The much higher syngas conversion
activity and methane/C; ratio for Co/AlPO4-5 com-
pared to CoAPO-5 and CoAPO-34 could be associated
with a higher metallic cobalt proportion for the former.
On the other hand, the differences in product distribu-
tion observed between CoAPOs and FAPO-5 could be
a consequence of the different alkenes selectivity of
this metal-aluminophosphates molecular sieves.

The mixture of an iron-based FT catalyst with AFI
and AEL molecular sieves containing iron and silicon
modified the product distribution obtained by CO
hydrogenation. Changes in product selectivity related
to the acidic function were more dependent on the
structural type than on the composition. In the pre-
sence of AFI molecular sieves alkenes formed on the
FT catalyst underwent secondary reactions such as:
oligomerisation; cracking; skeletal isomerisation; and
hydrogen transfer. With AEL molecular sieves skele-
tal and double bond shift isomerisation were favoured.
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Analysis of the lighter hydrocarbon fraction revealed
that deactivation of acid sites with time-on-stream
occurred. However, the relative proportion of lighter
hydrocarbons remained higher when the sieves were
present. Iron in FAPOs seems to participate in CO
transformation, and the mixture of the iron FT catalyst
with FAPO-11 gave rise to a higher selectivity to
C,—C, alkenes.
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