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New AIPO,-sepiolite systems as acid catalysts,
|. Preparation, texture, surface-chemical
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Spain

The effects of the addition of aluminium orthophosphate (Al/P = 1) to sepiolite were investi-
gated with respect to texture, porosity, surface chemistry and catalytic performance. The
AIPO,-sepiolite catalysts, containing different weight compositions, were prepared by precipi-
tation of AIPQ, (Al/P = 1) with propylene oxide or aqueous ammonia on to commercial
natural sepiolite. Sepiolite inhibits the AIPO, crystallization which is found when pure AIPO, is

calcined at 873 K.

The surface acid-basic properties have been studied gas-chromatographically through the
irreversible adsorption of organic acids and bases at temperatures in the range 473 to 673 K.
In addition, the cyclohexene skeletal isomerization (CSI) acid catalysed test reaction to 1- and
3-methylcyclopentenes (1- and 3-MCP), was used to test catalyst performance. Catalytic
activity, as an apparent rate constant, fits the Bassett-Habgood kinetic model for first-order
processes. Marked changes were found in their catalytic properties as a function of the prep-

aration method and the AIPO, to sepiolite ratio.

AIPQ, addition induced acidity by increasing the strength of acid sites which resulted in a
higher conversion which was accompanied by a greater selectivity for 1-MCP. The incorpor-
ation of AIPQ, to sepiolite also inhibited the loss of activity with the prolonged use of the
catalyst which was found for reference pure natural sepiolite.

1. Introduction
Aluminum orthophosphate (Al/P=1) has been
reported to exhibit a variety of catalytic behaviours,
with activity for reactions such as alcohol dehy-
dration, alkene isomerization, phenol and toluene
alkylation, Beckman rearrangement, etc. [1-5]. Cata-
lytic properties are sensitive to the method of sample
synthesis, aluminium starting salt and calcination
temperature [3-5]. The differences in catalytic activity
with different preparation procedures may be related
to variations in surface geometric structure, porous
texture and bifunctional acid-base character. Its
activity can be improved by the addition of foreign
anions, such as F~ [6] and SO;~ [7], or by the prepara-
tion of AIPO, metal oxide systems, like AIPO,-Al, O,
[8-10], AIPO,-TiO, [11-13] and AIPO,-ZrO, [14]
Sepiolite, a hydrated magnesium silicate [15], is a
fibrous clay which presents the highest absorbent
capacity of any mineral clay, as well as a high adsorp-
tive capacity [16]. Its advantages over other minerals,
due especially to its low density and high specific
surface area, have long been accepted, and they account
for most of the current uses of sepiolite [17] including
enzyme immobilization [18]. Furthermore, surface
acidity on natural sepiolite has been found although
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it is reported to be negligible [19-24] and thus is able
to efficiently catalyse carbenium ion reactions that
need low surface acidity [19]. However, recent work
carried out in this laboratory [25] has shown that
natural sepiolites are indeed acidic with surface acid
sites that can catalyse the cyclohexene skeletal isomer-
ization (CSI), a reaction that is known to be catalysed
only by strong acid sites [26] and which is frequently
used to study the behaviour of solid acid catalysts. At
all pretreatment temperatures studied (573 to 873 K),
regardless of the sepiolite type, there was a strong
inhibition of isomerization capacity with the pro-
longed use of natural sepiolite catalysts due to coke
deposition.

Consequently, modification of natural sepiolite
through chemical or other means is really essential in
order to develop solid acid catalysts. Thus, the acti-
vation of sepiolite is usually carried out by either acid
treatment [27-32] or by partial exchange of border
Mg®* (in octahedral sheets) by AI’** 33, 34]. The effect
of the acid treatment was found to be the leaching out
of Mg** cations while leaving the SiO, groups largely
intact. The extent of these changes is found to vary
with the acid strength, temperature and length of
exposure.
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In order to help in the development of improved
activation of sepiolite, the present paper introduces a
new class of porous, high surface area materials of
potential interest as catalysts and adsorbents found by
the preparation of AIPO,-sepiolite systems. These
systems were studied for the purpose of strengthening
the solid acidity of natural sepiolite even after treat-
ment at high temperature. Thus, the present work is
devoted to the effects of the preparation method and
AIPO, loading on physicochemical, surface and cat-
alytic properties of AIPO,-sepiolite catalysts. This
paper also reports the use of the gas-chromatographic
pulse technique for studying the acid strength distri-
bution (through the adsorption, at several tem-
peratures, of nitrogenous bases with different pKa)
and the cyclohexene skeletal isomerization as test
reaction for the strong surface acid sites.

The results revealed that the addition of sepiolite to
AlIPQ, increased the catalytic activity (apparent rate
constant) and selectivity to 1-methylcyclopentene (1-
MCP) of the synthesized solid for CSI, also exhibiting
lower deactivation when compared to the reference
sepiolite catalyst. The activity was also found to
increase with an increase in the amount of sepiolite.
The sepiolite inhibits AIPO, crystallization when the
system is heated to 873 K.

2. Experimental

2.1. Materials

The sepiolite originally from Vallecas-Madrid (Spain),
was provided by Tolsa S.A. It is pure (85 wt %), natu-
ral and mechanically micronized in a dry medium
whose chemical analysis is Si0, 62.0, MgO 23.9, Al, O,
1.7, Fe, 05 0.5, CaO 0.5, K,0 0.6 and Na,O 0.3%;
weight loss from 293 to 1273 K, 10.5%. The presence
of smectite, quartz and dolomite as impurities was
detected. The sample calcined at 873K for 3h was
taken as the reference sample (PS).

AIPO,-sepiolite systems were obtained by adding
natural sepiolite to a reaction medium where the pre-
cipitation of AIPO, (Al/P = 1), from AICL - 6H,0
and H,PO, (85wt %) aqueous solutions, was initiated
by the addition of aqueous ammonia (N) or propylene
oxide (P). Then, the total precipitation of AIPO, was
carried out by a further addition of aqueous ammonia
or propylene oxide. The pH value of the precipitation
“end-point” was 6.1. The precipitates were allowed to
stand at room temperature for 24h. After filtration
they were washed several times with 2-propanol, dried
at 393 K for 24 h, and then calcined at 873 K for 3h in
an electric mufile furnace and stored in a desiccator.
Thus we prepared AIPO,-sepiolite systems with
weight relation of AIPO; to sepiolite of 3 and 1.

The samples are designated by APPS followed by
the weight ratio of AIPO, to sepiolite and a letter that
indicates the precipitation medium: APPS-3-P,
APPS-3-N and APPS-1-N.

Also, pure AIPO, precipitated with aqueous amm-
onia (AP-N) and propylene oxide (AP-P) were taken
as reference samples {4, 5].

2.2. X-ray diffraction analysis
The X-ray powder diffraction patterns of different
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samples were carried out with a Philips X-ray diffrac-
tometer with iron-filtered CoKe radiation (1 =
0.179026 nm) and a scanning speed of 2° min ! for 20
from 2 to 50°. The time constant was 4 sec.

2.3. Textural properties

The nitrogen adsorption—desorption isotherms of dif-
ferent APPS systems were carried out at 77K in a
classic volumetric apparatus, The samples were out-
gassed overnight at room temperature and the repro-
ducibility of most of the isotherms was checked. The
nitrogen was 99.999% pure. Helium (99.999% pure)
was used for the dead space measurements. Surface
areas and porosity analysis were carried out by apply-
ing the BET [35] and Barret [36] methods and Lecloux
criterion [37].

2.4. Surface chemical properties

The surface acidity was measured, at different tem-
peratures, by means of the adsorption of pyridine
(PY) and aniline (AN) vapour while the basicity was
measured by means of the adsorption of acrylic acid
(AA) and phenol (PH) vapour.

A number of pulses (maintaining the same pulse
size) of a given probe molecule—cyclohexane solution
(approximately 1 M) were injected one after another
into the catalyst bed in order to saturate the irrevers-
ible adsorption sites on the catalyst with the adsor-
bate. The peak of the probe molecule in the chromato-
gram was not observed upon the initial injections, but
the peak was gradually observed on successive injec-
tions and finally reached a constant area which indi-
cated that the catalyst surface was saturated with
irreversibly adsorbed adsorbate. In this sense, the
pulse size was in the range corresponding to 0.1 to 0.5
monolayers in order to avoid difficulties if the adsorb-
tion was not rapid as well as for a more precise detec-
tion of effluent peaks. After saturation, different
amounts of titrant were injected to calibrate the FID
response. The detector (FID) response was found to
be linear over the whole injection range (correlation
coefficients above 0.998) employed in the pulse experi-
ments. _

The amount of strongly and irreversibly bound
titrant, C,, was calculated from the total amount of
titrant added by subsequent pulses and the detected
areas of successive effluent peaks according to:

¢ = (%€~ Cu)fm

where n is the number of pulses; C, the mmole of
probe molecule injected in each pulse; C,,, the mmole
of probe molecule remaining in each pulse after adsorp-
tion; m the mass of catalyst (g). Integration of the
signal was accomplished with a Varian 4270 integrator.

The amount of titrant irreversibly adsorbed, C,, is
assumed to be the number of surface acid or basic
sites.

The adsorption of the probe molecule was deter-
mined in the temperature range corresponding to the
reaction conditions of cyclohexene skeletal isomeriza-
tion on AIPO,-sepiolite catalysts. The catalyst (100 to
200 mg, < 0.07 mm) was held by small plugs of Pyrex



glass wool in the 4 mm diameter stainless steel micro-
reactor tube and, before each run, the catalyst samples
were standardized in a stream of 12mlmin~' of dehy-
drated and deoxygenated nitrogen (99.999% pure) at
473K for 1h. It was also confirmed that the contribu-
tion of glass wool is negligible.

2.5. Cataiytic measurements

The CSI process was carried out in a microcatalytic
pulse reactor. The schematic details of the reaction
system as well as the operation conditons have been
described previously [4, 5]. Depending upon the
activity, between 50 and 200 mg catalyst was charged
into the microreactor. The reaction was studied under
the following conditions: hydrocarbon pulse, 0.2 to
2 ul; temperature, 523 to 673 K (at 50 K intervals) and
nitrogen as the carrier gas (30 to 60 mlmin™"').

Cyclohexene (Merck, p.a.) was purified by passage
through alumina (activated at 673 K in flowing nitro-
gen and then degassed by evacuation under reduced
pressure) at room temperature to remove oxygen and
peroxides, and later on distilled in nitrogen.

The reaction products (1-, 3- and 4-methylcyclopen-
tenes) were identified by use of a Varian Mat 711
GC-MS (Organic Chemistry Department, Complu-
tense University, Madrid, Spain).

3. Results and Discussion

3.1. XRD studies

XRD powder patterns of AIPO,—sepiolite systems are
shown in Fig. 1 together with that of natural sepiolite
subjected to the same thermal treatment (3h at
873 K). Regardless of the weight composition and
preparation method, AIPO, maintained its amorph-
ous nature and so sepiolite retarded the crystallization
of the AIPO,-N catalyst which was observed in the
absence of sepiolite [5]. A similar observation had
been previously found for AIPO,-Al,O; [10] and
AlPO,~TiO, [11, 13] catalysts in which both com-
ponents mutually interacted leading to a retardation
of AIPO, crystallization together with an inhibition in
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Figure I X-ray powder diffraction patterns of AIPO,-sepiolite
systems. CuKa« radiation. (a) PS; (b) APPS-3-N; (c) APPS-1-N;
(d) APPS-3-P.

phase transformation (y-Al, O, to a-Al,O; or TiO,-
anatase to TiO,-rutile).

The sepiolite remained in the same state as when
treated at 873K in the absence of AIPO,, i.e. the
folding in the structure and subsequent changes in
surface topography [15, 38] were also found.

3.2. Textural properties

All AIPO,-sepiolite nitrogen isotherms have closed
and well defined hysteresis loops which correspond to
Type H1 in the BDDT classification and are charac-
teristic of mesoporous materials [39]. Also, the simi-
larity in shape of the hysteresis loop associated with
each isotherm indicates that the type of mesoporosity
generated in the solid remains unchanged.

The nitrogen adsorption results were analysed by
the n-method described by Lecloux [37]. For all samples
a straight line passing through the origin was obtained
at low relative pressure. All n-plots showed an upward
trend corresponding to capillary condensation which
strengthened the absence of microporosity. The total
surface area, S, calculated by the n-method was found
to be in good agreement with that obtained by the
BET equation, Sgpy-

On the other hand, as the adsorption and desorp-
tion branches of isotherms follow parallel paths in a
whole range of relative pressures, and capillary con-
densation starts at pressures similar to the corre-
sponding H1 hysteresis loops, we can assume cylindri-
cal idealization for the textural analysis. Thus, pore
size distributions have been made by application of
the Barret et al. method developed for the analysis of
mesopores [36] by using the adsorption branch of
the isotherm and the cylindrical idealization. Cumu-
lative pore volume, XV, and cumulative surface
area, XS,, in the mesopore range tally with the
total pore volume, ¥, and surface area, Sygr, respec-
tively. All these parameters are summarized in Table
I. Table I also includes the same values, selected for
comparison, of pure AIPO, [4, 5] and natural sepiolite
[25].

As shown in Table I, the incorporation of sepiolite
to AIPO, obtained in propylene oxide (AP-P) leads
simultaneously to a decrease in surface area and pore
volume and an increase in the most frequently occur-
ring pore radius. However, the greatest differences are
found when sepiolite is added to AIPO, gelified in
aqueous ammonia, AIPO,—sepiolite (APPS-N) cata-
lysts, which results in a large increase in surface area
and pore volume (almost 50%). An increase in sepio-
lite loading also leads simultaneously to a slight
decrease in surface area and an increase in pore radius,
although the pore volume remains unaltered. Pore size
distribution (Table II) is also slightly displaced
upwards towards the larger pores; this is demon-
strated by the shift towards higher relative pressures
which the hysteresis loop of the isotherm undergoes.
This can be accounted for by the retardation of AIPQ,
crystallization.

Thus the most striking feature of the results shown
in Tables I and II is that sepiolite increases the thermal
stability of the AIPO,-N catalyst which results in
higher textural properties. This increase is accom-
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TABLE I Textural properties of AIPO,-sepiolite catalysts

*

Catalyst Spet S, v, r Vv, IS,
(m’g™") (m’g™") (mlg™") (nm) (mlg™") (m*g™")
APPS-3-P 162 166 0.71 8.7 0.72 167
APPS-3-N 158 167 0.70 8.8 0.71 167
APPS-I-N 134 135 0.71 10.6 0.71 118
AP-P 228 236 0.75 6.6 0.76 229
AP-N 109 102 0.48 8.8 0.49 102
PS 100 99 0.39 78 0.40 107

*From the adsorption branch of the isotherms using the modelless method and cylindrical idealization.

panied by an increase in surface acidity and activity in
the CSI process (see below).

3.3. Surface chemical properties

In the present adsorption studies, the gas-chromato-
graphic pulse technique is used for the first time, in the
measurement of the surface acid-base properties of
AIPQ,, sepiolite and AIPO,-sepiolite systems. This is
done, not only because of the simplicity and rapidity
with which requisite data can be obtained, but also
due to a particularly attractive feature of the gas-
chromatographic technique, which is that the measure-
ments can be made on a large and representative
sample of catalyst at temperatures used in the catalytic
process.

In this sense, gas-chromatographic techniques have
been used extensively in a number of adsorption studies
showing great promise in the measurement of adsorp-
tion species on solid catalysts in catalytic conditions
[40-42].

The distribution of acid-basic sites (sum of Lewis
and Bronsted) in AIPO, (AP-P and AP-N), sepiolite
and APPS systems is given in Table IIT as the amount
of probe molecule adsorbed at saturation at a given
temperature. The amount of stronger base remaining
adsorbed at relatively low temperature (473 K) was
taken as a measure of the total number of acid sites,
that is, weak, medium and strong acid sites. As
expected, upon increasing the temperature (or pK,, of
the base) the surface acidity gradually decreased since
only the strongest acid sites retain the adsorbed base
and thus, the chemisorption of PY was greater than
that of AN at every adsorption temperature. The
amount of AN adsorbed at 673 K was thus taken as a
measure of the strongest acid sites. Besides, the
amount of base retained at different temperatures
measured the acid strength distribution of a given
catalyst. The same applied for the surface basic sites.

As compared to AP-P, the APPS-P catalyst exhi-
bited almost the same total number of acid sites
(against PY) although it displayed a higher number of

TABLE II Pore size distributions of AIPO,-sepiolite catalysts

strong acid sites (against AN) at all increasingly higher
temperatures. The situation was somewhat different
when AP-N and APPS-N catalysts were compared,
since these latter always exhibited a higher number of
acid sites especially when titrated against AN. The use
of aqueous ammonia also developed APPS-N systems
with a higher number of strong acid sites than APPS-
P systems. All APPS systems displayed a higher
number of strong surface acid sites than the parent
sepiolite calcined at the same temperature.

Thus, the preparation of APPS systems strengthen
the solid acidity of AIPO, and natural sepiolite after
treatment at a high temperature (873 K) and so, these
APPS systems catalyse more efficiently those reactions
that require the presence of strong acid sites, which
occurs with CSI (see below).

On the other hand, APPS systems remained bifunc-
tional in character since they also possessed surface
basic sites, although a smaller number of basic sites
(measured against AA and PH) was observed for the
APPS-P system. However, APPS-N systems exhibited
a higher number of basic sites, especially when the
AIPO, to sepiolite weight ratio was 3 (APPS-3-N).

3.4. Catalytic activity

The CSI process is used to test the strong surface
acidity of APPS systems and hence to test their poten-
t1al use of acid catalysts. The results show that acid
sites on APPS systems are strong enough to produce
skeletal isomerization more efficiently than both
natural sepiolite or pure AIPO, catalysts.

The catalytic runs have been carried out in the
absence of diffusional influences (boundary layer,
internal and external mass transfer processes) through
the choice of the suitable operating variables, especi-
ally space velocity (changing the catalyst weight and
the carrier gas flow) and particle size. Furthermore,
the amount of catalyst corresponded to a similar area
loaded in the reactor. The catalytic runs have also
been carried out at different weight ratios of catalyst
from the CH introduced, showing that the fractional

Catalyst Distribution (vol %)
> 30nm 20-30 nm 10-20 nm 5-10nm 2-5nm <2nm

APPS-3-P 11.8 10.0 18.8 39.0 19.8 0.6
APPS-3-N 14.1 10.5 19.2 37.0 17.5 1.7
APPS-1-N 25.3 13.0 22.6 30.2 7.9 0.9
AP-P 32 3.9 6.1 18.1 54.7 13.9
AP-N 1.3 33 8.1 326 50.2 4.6
PS 453 15.6 9.1 13.8 9.5 6.6
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TABLE T11 Acid and basic properties of AIPO,—sepiolite catalysts

Catalyst Acidity® Basicity®

PY AN AA PH

473K 573K 473K 523K 573K 623K 673K 473K 473K
APPS-3-P 168 45 67 48 36 15 5 457 102
APPS-3-N 105 33 46 3] I8 S 3 524 217
APPS-1-N 112 47 69 53 39 15 5 540 147
AP-P 185 23 63 17 9 2 1 528 255
AP-N 81 23 21 7 2 1 <1 495 186
PS 83 38 48 14 7 2 { 363 92

*All values in gmolg~".

conversion of reactant to products was independent of
the pressure, which determined the first-order reaction
process. This behaviour also ensured linear chromato-
graphy in the pulse mode, i.e. ensuring equilibrium
chromatography.

Side reactions such as dehydrogenation, cracking or
thermal isomerization were not observed. No signifi-
cant change in either isomerization activity or selec-
tivity was observed with pulse number.

In the absence of mass transfer processes, the con-
version of CH to 1-, 3- and 4-MCP (which was main-
tained below 10% level) followed the requirements of
Bassett-Habgood kinetic treatment [43] for first-order
kinetic processes in which the rate determining step is
the surface reaction

In[1)(1 — X)] = RT kK (W/|F)

where X is the total conversion, k& the rate constant of
surface process, K the adsorption constant of CH on
the catalyst, W the catalyst weight and F the flow rate
of carrier gas.

For all AIPO,-sepiolite catalysts, Table IV com-
piles apparent rate constants, KK, at a reaction tem-
perature of 673K from linear plots of In [1/(1 — X)]
against F~', apparent activation energies, E,, and
preexponential factors, In 4, from linear plots In kK
against T~! and kinetic selectivity factor, g, to 1—-
MCP. Table IV also includes activation enthalpies,
AH™ and activation entropies, AS ™, obtained through
the Eyring equation by plotting In kK/T against T~'.
Apparent rate constants and activation parameters
previously obtained for untreated sepiolite [25] and
AlPO, [4, 5] catalysts are also included in Table IV.

A least squares regression analysis shows, in all
cases, correlation coefficients over 0.99. A t-test of

significance, performed on the regression coefficients,
shows that these are significant at levels over 1%. This
is a measurement of data fit, in all experimental con-
ditions, by the linear plots of In [1/(1 — X)] against
F~',In kK against T~' and In kK/T against 7~'. All
values are reproducible to within about §%.

The results of the catalytic tests shows a consider-
able increase in activity for APPS catalysts in relation
to AIPO, or natural sepiolite. Thus, preparation of
APPS-P systems results in an increase in the activity
to isomerize CH, about three times higher than that
for the starting AP-P catalyst. However, the prepara-
tion of APPS-N systems results in a greater increase
in activity. Thus, when the AIPO, to sepiolite weight
ratio is 3, the activity of the APPS-3-N catalyst sur-
passes the AP-N one by a factor of five while, when
the AIPO, to sepiolite weight ratio is 1, this factor
becomes nine times higher.

Unlike natural sepiolite, with APPS catalysts there
was a negligible loss of activity with prolonged use of
the catalyst. Dehydrogenation at benzene and cyclo-
hexadienes was also not found.

As CSI needs strong acidity, the APPS-1-N system
must be the most active catalyst which is what really
occurs through the adsorption (at every different tem-
perature) of the strongest organic base used (AN) and
thus, the changes in activity are similar to the changes
in the acidic characteristics shown in Table III. The
catalytic activity of APPS catalysts thus correlates
well with the surface acidity measured gas-chromato-
graphically.

On the other hand, as significant changes in the
apparent rate constants do not result in changes in
the activation energy, the nature of the active sites
involved in the CSI on AIPO,—sepiolite catalysts is the

TABLE IV Apparent rate constants at 673 K (kK), activation parameters (£,, In 4, AH™ and AS™) and selectivities to [-MCP (g)
for cyclohexene skeletal isomerization on AIPQ,, sepiolite and AIPO,-sepiolite catalysts

Catalyst kK 10 Arrhenius equation Eyring equation c®
=1l g=1 gap—!
(molatm™' g7 sec™') E, InA® AH* AS*
(K calmol~") (K calmol 1) (calmol=' K1)
APPS-3-P 329 [3.5 -0.2 12.4 —62.3 2.6
APPS-3-N 16.6 14.2 —0.4 13.0 —62.8 27
APPS-1-N 28.9 14.8 0.6 13.6 —60.8 2.7
AP-P 10.9 11.7 —-26 10.6 —67.2 1.9
AP-N 3.1 14.6 - 1.7 13.4 —65.5 1.4
PS 7.3 15.4 —-03 14.2 —62.6 1.9

“4 is expressed in molatm™' g~ ' sec™!.

PRatio of the fractional conversion of 1-MCP to 3-MCP (X, /X,).

2517



Xyy X3

1 | 1
0 4 8 12
X35 Xg

Figure 2 OPE curves [X, (a) and X; (W) plotted against X;] and
Wheeler selectivity X, against X, (®) for the APPS-1-N catalyst.

same. The differences observed in activity are,
therefore, due to differences in the total number of
active sites.

This implies that only a small fraction of the acid
sites is active in the CSI reaction, since a wide range of
acid sites of varying strengths can be seen by the
titration method.

Furthermore, the negative values of AS™ indicate
that, on going from the ground state to the transition
state, an extensive restriction must be considered. This
highly ordered transition state is consistent with a
reaction mechanism whose slowest step is the stabili-
zation and immobilization of reactant molecules on
catalyst acid active sites. In Table IV we can also see
that AS* changes slightly with respect to the catalyst.
The reaction on AP-P, AP-N, PS, APPS-P and
APPS-N catalysts can be considered entropy con-
trolled since TAS? is always higher than AH”. An
approximately constant AG™ value is found in all
cases.

3.4.1. Selectivity

With regard to the selectivity of the reaction, the
amount of 1-MCP was always higher than that of
3-MCP and, unlike natural sepiolite, slight amounts
of 4-MCP were found. Furthermore, the main reac-
tion products (1- and 3-MCP) are primary stable
competitive products coming from CH through paral-
lel reactions since straight lines passing through the
origin are obtained from the optimum performance
envelope (OPE) curves [44, 45] (which describe the
selectivity behaviour of products) as well as from the
application of the Wheeler criterion [46] on the kinetic
selectivity factor, g, as shown in Fig. 2.

As reaction products are primary and competitive,
they are formed at a constant rate in relation to feed
conversion, and neither disappear nor accumulate due
to secondary products. A primary product is defined
as that which is produced from the reactant no matter
how many intermediates are involved in its formation.

The selective factors, o, obtained from the slopes of
the plots X, against X;, appeared in column seven of
Table IV. As can be seen, the selectivity factors also
increase with APPS catalysts, although no one differ-
ence between APPS-P and APPS-N is found. These
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changes in o (two times higher), however, are smaller
than those for activity.

As activities at different temperatures adjust to the
same Wheeler’s plot for every catalyst and, despite the
differences in surface area of the catalysts, the virtually
identical values of apparent activation energy of the
test reaction and the trends of the dependence of the
catalytic activity on the catalyst acidity indicated that
in all cases the reaction proceeds on catalytic centres
of the same kind. So, different ¢ values are due to the
different A, to A, ratios according to

g = KI/KB = XI/X3
= [4, exp (E,/RT)]/[A; exp (E,/RT)] = A, /A4,

3.4.2. Reaction network

The primary products (1- and 3-MCP) observed can
be accounted for by initial formation of the cyclohexyl
carbenium ion (through the chemisorption of CH on
the catalyst acidic sites) that further rearranges to the
1- and 2-methycyclopentyl carbenium ions which
then desorb as 1- and 3-MCP, as has been described
elsewhere for AIPO, [4, 5] and sepiolite [25] catalysts.

However, the existence of a carbocationic character
of the carbenium ion intermediates for APPS catalysts
higher than for either pure AIPO, or natural sepiolite
accounts for the experimental results.

The relative proportion of two isomers (I- and
3-MCP) is a reflection of the relative stabilities of the
parent ions: l-methylcyclopentyl is a tertiary ion,
whereas 2-methylcyclopentyl is secondary. In this
sense, Viruela-Martin e/ al. [47] optimize the tertiary
1-methylcyclopentyl carbeniun ion by MINDQ/3 and
its energy is 15.2 kcal mol~' below the 2-methylcyclo-
pentyl carbeniun ion.

The scope of the reactions that can be catalysed by
these solid acids are currently under investigation.
Thus, they act as catalysts in the alkylaromatic (o—
series) cracking as well as in the alkylation of toluene
with methanol [48].

4. Conclusions

In summary, our results have shown that AIPO, can
be used as a promoter of natural sepiolite. Thus, the
addition of sepiolite to AIPO, results in an increase
in surface area, pore volume and the main pore radius
of those systems obtained in aqueous ammonia
(APPS-N), due to the inhibition of AIPO, crystalliza-
tion which is observed, in the absence of sepiolite, for
calcination temperatures of 873 K.

The preparation of any APPS catalyst also strengthens
the solid acidity of both AIPO, and natural sepiolite.
So, APPS-P and APPS-N catalysts show an increased
catalytic activity and selectivity to 1-MCP for the CSI
process, also exhibiting lower deactivation by coke
deposition. The strongest differences are observed for
systems obtained in aqueous ammonia and containing
an AlPO, to sepiolite weight ratio of 1.

Furthermore, it can be concluded that activity and
selectivity in the CSI process can be relatively well
interpreted in terms of the acid properties of the cata-
lysts determined gas-chromatographically through
adsorption of organic bases at different temperatures.



The gas-chromatographic technique allows the deter-
mination of acidity distributions under conditions
close to those employed in catalytic processes, making
it possible to relate acidity to the catalytic activity.
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