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Abstract

Various materials consisting of magnesium (mMgPO-1 and mMgPO-2) or aluminium phosphates (mAIPO-1 and mAIPO-2)
were synthesized from microemulsions and characterized in structural terms using X-ray diffraction (XRD), energy dispersive
X-ray analysis (EDAX), thermal analysis, and solid-stand?’ Al NMR spectroscopies. The morphology of the solids was
examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), and their surfaces properties
were determined from Nadsorption—desorption isotherms. The new materials thus prepared are structurally and composition-
ally similar to solids obtained by precipitation from solutions; their specific surface areas, however, are substantially greater
and their pore size distribution more narrow. The catalytic activity of the materials in the dehydration—dehydrogenation
of isopropyl alcohol was found to be similar to or greater than that of catalysts obtained by precipitation from aqueous
solutions. The magnesium orthophosphates yielded acetone (the major product) and propene from 2-propanol; the alu-
minium orthophosphates, which possess dehydrating activity only, yielded propene alone. © 2002 Elsevier Science B.V.
All rights reserved.
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1. Introduction auxiliary organic molecules as templates. Thus, zeo-
lites and various other molecular sieves are frequently
The preparation of new solid materials for use as obtained by using small organic molecules for this
catalysts, sorbents, semiconductors or products with purpose [1]. One alternative approach involves using
magnetic or optical properties entails increasingly more organized systems as templates; such is the case
stricter control of the synthetic procedure. Some of with surfactants such as those in the M41S molecu-
the many procedures available for this purpose use lar sieve family, which self-assemble into spherical
or rod-like micelles in agueous solutions [2]. While
pore size in zeolites falls in the molecular range
* Corresponding author. Tel+349-57-218-638; (0.3-1.2nm), that in M41S sieves lies in the mesopore
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in a continuous oil phase [3]. Water confined in was synthesized, the concentration range over which
the reversed micelles thus formed can be used asthe water/surfactant/cyclohexane emulsions remained
a reaction medium to synthesize nanoparticles; the stable was determined.
small size of the aqueous droplets restricts particle
growth and ensures a narrow size distribution. Pre- 2.1. Synthetic procedure
cipitation reactions can be implemented by having
the contents of the aqueous droplets exchanged via Solid mAIPO-1 was obtained from two microemul-
collision and coalescence between micelles. This sions (A and B). Microemulsion A was prepared by
procedure has been used to obtain nanoparticles ofmixing 100g of a solution containing 0.5.M Triton
various types of materials including silver halides N-101 in cyclohexane with 5g of another containing
for photographic emulsions, magnetic substances and1 M Al(NO3)3-6H20 and 1 M (85%) HPO, in water.
superconductors [3]. A sizeable fraction of research Microemulsion B was obtained by mixing 100g of a
in this field has focused on the synthesis of metal solution of 0.5M Triton N-101 in cyclohexane with
nanoparticles [4,5] such as those of metal-supported 5g of another consisting of 3M (25%) ammonia in
catalysts obtained from microemulsions and used in water. The microemulsion obtained by mixing A and
processes such as CO hydrogenation [6],2 G- B, with pH = 9, was stirred for 1 h and allowed to
drogenation [7] or methanol production from syngas stand for 3 days, after which it was disrupted by adding
[8], as well as AOs-supported Ce@ZrO, solids of 300ml of acetone. The suspension thus formed
for the oxidation of CO [9]; the former solids have was allowed to stand for 3 days, after which the solid
proved more active than catalysts prepared by im- was collected by centrifugation and dried in a stove
pregnation and the latter more than those obtained by at 105°C.
precipitation. Solid mAIPO-2 was obtained by a similar proce-
Solids containing magnesium orthophosphates and dure but using half the previous amount of microemul-
aluminium orthophosphates have been used as catasion A. Solid mMgPO-1 was also prepared from two
lysts for a variety of organic processes [10,11]. Thus, microemulsions (A and B). Microemulsion A was ob-
magnesium orthophosphates have been employed intained by mixing 200 g of a solution containing 0.5 M
the transformation of alcohols [12], the Meerwein— Triton N-101 in cyclohexane with 10g of another
Ponndorf-Verley—Oppenauer reaction [14], vapour- consisting of 1.5M Mg(N@)2-6H,0 and 1 M (85%)
phase aldol condensations [13], thkealkylation of H3POy in water. Microemulsion B was prepared
aniline with methanol [15], the oxidative dehydro- by mixing 200g of a solution of 0.5M Triton
genation of ethane and the oxidative coupling of N-101 in cyclohexane with 10g of another contain-
methane [16,17]. Aluminium orthophosphates have ing 3M NaOH in water. This emulsion remained
be used as catalysts in the dehydration of alco- turbid throughout. The emulsion resulting from the
hols [18], alkylation reactions [19], condensation mixing of A and B (pH= 8) was stirred for 1 h and
reactions [20] and cracking processes [21], among allowed to stand for 3 days, after which it was dis-
others. rupted by addition of 300 ml of acetone and allowed
In this work, we used microemulsions to prepare to stand for another 3 days. Finally, the resulting solid
various aluminium and magnesium orthophosphates was collected by centrifugation and dried in a stove
that were subsequently characterized and used as cataat 105°C.
lysts in the dehydration/dehydrogenation of isopropyl  Solid mMgPO-2 was prepared similarly to
alcohol. mMgPO-1 but using a mixture of 200g of 0.5M
Triton N-101 in cyclohexane with 5g of 1.5M
Mg(NO3)2-6H,0 and 1M (85%) HPO4 in wa-
2. Experimental ter as microemulsion A. The solids were repeat-
edly washed with about 100ml of acetone and
The surfactant used to prepare the microemulsions separated by centrifugation. Finally, all were cal-
was Triton N-101 (polyethylene glycol nonylphenyl cined at 600C for 3h, the heating rate being
ether) and purchased from Aldrich. Before any solid 5°C min—1.
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2.2. Characterization

X-ray diffraction (XRD) patterns were recorded
on a Siemens D 5000 diffractometer using Ca K
radiation. Scans were performed over the range
from 2 to 80. Thermogravimetric and differential
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to contribute to the catalytic effect under the working
conditions used in preliminary blank runs.

3. Results and discussion

thermal analysis curves were recorded on a Setaram3.1. Powder XRD and EDAX analyses

Setsys 12 thermal analysis station by heating in
an argon atmosphere from 25 to 12@ at a rate
of 5°Cmin1,

Solid-state 3P NMR spectra were recorded on
a Bruker ACP-400 spectrometer at 161.975MHz at
room temperature. Typical spinning speeds (4 kHz)
were used with all samples. The excitation pulse
and recycle time were jbs (/2 pulse) and 5s (300
scans), respectivel§!P shifts were measured relative
to H3POy.

1H MAS NMR spectra were obtained at 400.13 MHz
on a Bruker ACP-400 spectrometer at room temper-
ature. An overall 1000 free induction decays were
accumulated. The excitation pulse and recycle time
were 5us and 3 s, respectively. Chemical shifts were
measured relative to a tetramethylsilane standard.

The XRD patterns for solids mAIPO-1 and
mMAIPO-2 exhibit a single, broad band & 2 12-36
typical of microcrystalline AIP@ with a highly
disperse crystallite size, even after calcination at
600°C (Fig. 1). These solids are thus less crystalline
than those obtained by other authors under similar
conditions—which exhibit the bands for the tridymite
phase above temperatures around 8D(23,24].

On the other hand, solids mMgPO-1 and mMgPO-2

are amorphous after heating in a stove but exhibit
diffraction bands upon calcination at 600 (Fig. 2).
The bands can be assigned to no known magnesium
phosphate structure; in any case, the bands for peri-
clase MgO, though weak, are present and increased
in strength with further calcining (to 80C). There

Prior to measurement, samples were dehydrated in agre no bands for farringtonite MPO»)2; in fact, the

stove at 150C for 24 h.

The composition of the catalysts was determined
by energy dispersive X-ray analysis (EDAX) on a
Jeol JSM-5400 instrument equipped with a Link
ISI analyser and a Pentafet detector (Oxford). Scan-
ning electron microscopy (SEM) was carried out
on a JEOL 6300 microscope with an Au-sputtered
specimen. Transmission electron microscopy (TEM)
was performed on a JEOL 200 CX microscope us-
ing copper grids. The specific surface area of each
solid was determined by using the BET method on a
Micromeritics ASAP 2000 analyser.

Reactions were conducted in a flow-through
fixed-bed reactor connected to a gas chromatograph;
the reactor was fed at the top with isopropyl alcohol
by means of a Sage 351 propulsion pump. The alcohol
was transferred to an evaporator where it was mixed
with the carrier gas (B, which allowed the reactor’s
feed rate to be adjusted. The reaction products were
directly inserted into a gas chromatograph and anal-
ysed using a methyl silicone 100 0.25mm ID
fused silica capillary column at a constant temper-
ature (45C). No diffusion control mechanism was
detected [22], nor was any of the reactor parts found

solid appears to be crystalline above about 850
The absence of these bands was previously noted for
other solids obtained from magnesium and phosphate
ions precipitated with NaOH [25].

Table 1 shows the elemental composition of the
studied solids. Solids mAIPO-1 and mAIPO-2 possess
an Al/P ratio of 1.0 and 1.2, respectively, which sug-
gests that both consist of AIRS-albeit in a different

2 ®)

%ﬁ‘«w‘WWWuwme

>

2

=

5 @

<
AR R RN R
2 14 26 38 50 62 74

20

Fig. 1. XRD patterns for solids mAIPO-1 (a) and mAIPO-2 (b)
calcined at 600C.
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Fig. 2. XRD patterns for solids mMgPO-1 (a) and mMgPO-2 (b)
calcined at 600C.

stoichiometry—no XRD signals for crystalline AD3
were detected. Solids mMgPO-1 and mMgPO-2 pos-
sess an Mg/P ratio of 1.5 and 1.7, respectively. Al-
though the theoretical Mg/P ratio for M@ Os) is
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Fig. 3. TGA curves for solids: (a) mAIPO-1; (b) mAIPO-2; (c)
mMgPO-1; (d) mMgPO-2.

adsorbed water. Between 150 and 4Q0the solids
exhibit a substantial weight loss, which may be related
to constitutional water. Above 40C a minor weight
loss (4 and 6% for mAIPO-1 and mAIPO-2) is ob-
served that corresponds to water formed by condensa-

1.5, this phase was present in none of the solids astion of hydroxyl surface groups. These losses may also

it was not detected in the XRD patterns of the sam-
ples calcined at 800C—which contained periclase
instead. Like previously reported solids obtained in a
similar manner, both mMgPO-1 and mMgPO-2 con-
tain a high proportion of sodium.

3.2. Thermal analysis

Fig. 3 shows the thermogravimetric curves for the
fresh solids. Those for mAIPO-1 and mAIPO-2 ex-
hibit three different steps. Below 10C, the solids un-
dergo a rapid weight loss of about 5% corresponding to

Table 1
Elemental composition (at.%) of the solids calcined at 8D&s
determined by EDAX

Solid Al Mg P O Na Cl
mAIPO-1 14.8 - 14.2 69.1 - 1.9
mAIPO-2 14.4 - 12.0 73.6 - -
mMgPO-1 - 17.8 11.7 60.9 9.6 -
mMgPO-2 - 17.3 104 62.3 10.0 -

include surfactant molecules adsorbed on phosphate
particles. Note the enormous difference in weight loss
over the range 150-40C between solids mAIPO-1
and mAIPO-2; the loss is much marked in the former,
which must thus be more extensively hydrated than
the latter (obtained by using twice more ammonium
hydroxide). An increased weight loss in this range has
also been associated to a lower Al/P ratio [24].

The thermogravimetric curves for solids mMgPO-1
and mMgPO-2 are very similar. The first weight
loss, slightly greater than 20%, takes place at around
90°C and must be due to crystallization water; it is
consistent with previously observed losses in highly
hydrated magnesium phosphates present in solids
prepared in a similar manner [25]. The second weight
loss occurs at around 30Q and amounts to about
15%, and the third (ca. 5%) above 40D. These latter
losses must correspond to the release of water (from
hydrated phosphates in the former case and from the
dehydration of Mg(OH) to MgO [26], detected by
XRD, in the latter). This range may also be the one
where surfactant adsorbed on the solid particles is
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Fig. 4. 3P MAS NMR spectra for solids: (a) mAIPO-1; (b)
calcined mAIPO-1; (c) mAIPO-2; (d) calcined mAIPO-2.

) ~ disappearance of that for mAIPO-1—no narrowing in
removed. Spme su_ch molecules arg_carbonlz_ed; INthe signal for tetrahedral aluminium [Al(OR)is ob-
fact, the solids calcined at 60C exhibit a greyish  gepyed, however. Also, relative to solids obtained by
appearance after the thermal treatment. The DTA precipitation from a conventional solution [27], those
curve (not shown) also contains an exothermic peak gptained from microemulsions exhibit a broader band
at 522 and 505C for mMgPO-1 and mMgPO-2, re- oy tetrahedral aluminium and are thus less crystalline.
spectively, which is associated to no weight loss but ThelH spectra (not shown) exhibit a peak at 3.6 ppm
rather to some phase change or solid-state reaction. corresponding to P—OH groups in addition to smaller

signals at 0—1 ppm corresponding to AI-OH groups
3.3. 31p and?’Al MAS NMR spectroscopy [27].
The 31p spectra for uncalcined solids mMgPO-1
The 3P MAS NMR spectra for solids mAIPO-1 and mMgPO-2 exhibit a signal at 3.5ppm and its
and mAIPO-2 (Fig. 4) exhibit a single resonance, at associated spinning side bands (Fig. 6). In previ-
ca. —25ppm, and a series of spinning side bands. ous work, the Mg(POy)2-8H,0O phase was found to
This signal corresponds to P atoms in octahedral co- exhibit a signal at 4.6 ppm [28]. Also, amorphous
ordination as parts of P(OAJ)units [27]. The2’Al Mg3(POy)2 was found to exhibit a signal at 0.5 ppm
MAS NMR spectra for the uncalcined solids exhibit upon calcination—that for the crystalline farringtonite
two components at 42 and11 ppm that correspond phase obtained above 500 appeared at-0.5 ppm.
to tetrahedral and octahedral aluminium, respectively, By contrast, calcined mMgPO-1 and mMgPO-2 ex-
in AIPO4 (Fig. 5). The absence of resonance at ca. hibit two signals at 5.0 and 2.5 ppm. This confirms the
7 ppm allows one to discard the presencey-afl20O3 XRD results, which provide no evidence of the pres-
[27]. The proportion of octahedral aluminium is ence of these phases. Both signals must correspond
greater in solid mAIPO-1 than in mAIPO-2, which to new Na-containing phases, as suggested by the
also consistent with the increased weight loss in the composition of the samples. The NaMgPPhase,
former. Calcination leads to the disappearance of the present in other materials previously synthesized by
signal at—11 ppm for mAIPO-1 and also to the virtual our group, exhibits a chemical shift of 1.8 ppm [29].
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55 Solids mAIPO-1 and mAIPO-2 are also highly sim-

5.0

. ilar to each other but rather different from mMgPO-1

and mMgPO-2 (Fig. 9). As can be seen, the former

(®) (@ exhibit a smaller particle size than the latter. Also, the
> aluminium phosphates obtained from a microemul-
sion can be assumed to consist of aggregates of more

or less elongated, smaller particles forming a network

with many voids. Although similar in appearance,

35 35 the calcined solids contain larger particles than the

\ uncalcined solids as a result of the high synthesis

MJXA‘ temperatures used. A magnified view of the parti-
(a)

(©) cles reveals the presence of a disordered system of
mesopores about 7 nm in size.

3.5. Textural properties

20 40 0 40 80 80 40 o0 40 .80 Upon calcination, all four solids studied exhibit type
ppm ppm IV N2 adsorption isotherms (Fig. 10), which are typi-
cal of mesoporous solids as per the BDDT classifica-
Fig. 6. 3'P MAS NMR spectra for solids: (a) mMgPO-1; (b)  tion [30]. Table 2 gives the specific surface area, pore
calcined mMgPO-1; (c) mMgPO-2; (d) calcined mMgPO-2. volume and average pore diameter of the solids. The
aluminium orthophosphates prepared in microemul-
) sions possess a specific surface area of 34@thfor
3.4. SEM and TEM studies mAIPO-1 and 370rhg—! for mAIPO-2; both values
are much greater than those for similar phosphates
The scanning electron micrographs for solids gptained by precipitation with ammonia (between
mMAIPO-1 and mAIPO-2 (Fig. 7) calcined at 600 100 and 160rAg~') and also than those for alu-
show smooth particles of uneven shape and size. A minjum orthophosphates gelled in the presence of an
magnified view of the particles reveals the presence of organic neutralizing agent such as ethylene oxide or
aggregates. Solids mMgPO-1 and mMgPO-2, when propylene oxide (viz. 257 and 271291, respec-
calcined, also consist of smooth particles of uneven tively) [23,31]. Also, our solids exhibit a more narrow
shape and size a magnified view of which also reveals pore size distribution, with an average pore diame-
that they consist of smaller particles. Calcination al- ter of ca. 7—8 nm. These values are similar to those
ters the morphology of these solids, which consist of getermined by TEM. The Nadsorption—desorption
larger, more uniform (particularly in mMgPO-2) but  jsotherms for solids mAIPO-1 and mAIPO-2 exhibit
less consolidated particles than the previous ones. g hysteresis cycle in between those of the &hd

graphs for solids mMgPO-1 and mMgPO-2. The two

are morphologically similar in both calcined and un-

calcined form, and consist of aggregates of unevenly Taple 2

shaped and sized particles. Particle size ranges fromSpecific surface area{er), pore volume and pore diameter for
30 to 180 nm. The particles contain pores of variable the studied phosphates

size up to 70 nm that lead to seemingly hollow parti- solid SseT Pore volume BJH pore
cles the walls of which contain smaller pores—many (m?g™h) (mig™h) size (A)
are 20 nm in size but some are as small as 5 nm. ThesemAlPO-1 339.5 0.944 79
particles may have formed by aggregation of smaller mAIPO-2 370.9 0.954 70
mMgPO-1 12.6 0.087 262

particles, the voids in the aggregates making up the

4 mMgPO-2 16.1 0.123 302
meso and macroporous systems of the material.
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Fig. 7. Typical scanning electron micrographs for the studied solids: (a) calcined mAIPO-2; (b) mMgPO-1; (c) calcined mMgPO-1; (d)
calcined mMgPO-2.

porous materials consisting of agglomerates (or to 3.6. Catalytic activity
solids composed of orderly spheres of uniform size)
exhibiting a narrow pore size distribution. Type H The materials synthesized in this work were
cycles result from pores similar to those yielding H tested as catalysts for the transformation of iso-
type cycles but less uniform as regards cavity size propyl alcohol, which in this case undergoes two
distribution. types of competitive reactions: intramolecular
Solids mMgPO-1 and mMgPO-2 also possess dehydration to propene and dehydrogenation to
higher specific surface areas than those obtained byacetone. Both the magnesium phosphates and the
precipitation from a solution, viz. 13 and 161, aluminium phosphates were compared with a refer-
respectively, versus only about &gr! [25]. Both ence solid that was prepared by precipitation from a
solids exhibit a hysteresis cycle of the Hpe. solution.
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500 nm

(e)

Fig. 8. Transmission electron micrographs for the studied solids: (a) mMMgPO-1; (b) and (c) calcined mMgPO-1; (d) and (e) calcined
mMgPO-2.
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() (d)

Fig. 9. Transmission electron micrographs for the studied solids: (a) mAIPO-1; (b—d) calcined mAIPO-1; (e) calcined mAIPO-2.
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solid mAIPO-2 calcined at 60CC.

Fig. 11 shows the catalytic activity results for solids
mMgPO-1 and mMgPO-2 following calcining, and
that for the reference solid MgP-Nget = 6 m?g1),
which was obtained by precipitation of a solution con-
taining magnesium nitrate and phosphoric acid with
sodium hydroxide [25]. As expected from the charac-
terization results, the solids obtained from microemul-
sions are structurally similar to those prepared from
a solution; the reaction only yields the dehydration

ties of the solids and their catalytic performance are
closely related. The decomposition of alcohols is a
model process for examining the acid—base properties
of catalysts. Some authors ascribe the dehydrating
ability of a solid to its surface acidity [34] and its de-
hydrogenating ability to its basicity [35]; others, how-
ever, believe that dehydrogenation is caused by both
acid and basic sites via a concerted mechanism [36].
Consequently, our solids can all be considered essen-

product (propene) and, especially, the dehydrogena-tially basic as regards catalytic behaviour. As can be
tion product (acetone). The surface chemical proper- seen from the results, the initial activity of the solids

70
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Fig. 11. Variation of the acetone (solid lines) and propene yield
(dotted lines) with the reaction time in the transformation of
isopropyl alcohol on solids:ej MgP-N; (A) mMgPO-1; @)
mMgPO-2. Reaction conditions:Nlow-rate 30 mlmirr?, catalyst
weight 0.100g, feed rate 5.4 mth, T = 500°C.

prepared from microemulsions exceeded that of the
reference solid, MgP-N; however, after a long enough
reaction time, solids mMMgPO-1 and MgP-N were sim-
ilarly active—and much less so than solid mMgPO-2
in any case. The initial activity of these solids was
recovered upon heating at 600; the conversion ver-
sus time curve was similar, so their deactivation was
seemingly the result of reversible poisoning through
adsorption of reagents and/or products.

Solids mAIPO-1 and mAIPO-2 were compared with
AIPO4-F (SgeT = 109nf g~1), which was prepared
by gelling of a solution with ammonium hydroxide.
The sole reaction product obtained in the presence
of these catalysts was propene, so the solids can be
assumed to be essentially acid. Solids mAIPO-2 and
AIPO4-F exhibited similar activity that was much
lower than that of mAIPO-1 in any case (Fig. 12).

The catalytic results provided by materials ob-
tained from microemulsions are quite promising. No
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Fig. 12. Variation of the overall conversion with the reaction
time in the transformation of isopropyl alcohol on solids) (
AIPO4-F; (A) mAIPO-1; (@) mAIPO-2. Reaction conditions: N
flow-rate 30 mImir1, catalyst weight 0.080 g, feed rate 5.4 mith

T =350°C.

clear-cut relationship between their textural prop-
erties and catalytic activity can still be established,
however. In fact, their activity appears to depend,
not on their surface area, but rather on the number
of active sites available for a given reaction, which
in turn depends on the number of structural defects
present in the solid and on its surface structure. Thus,
the slight difference in Al/P ratio and the presence
of a higher initial content in octahedral aluminium in
mAIPO-1 may be the result of an increased number
of P—OH groups in this solid, which may account for
its increased catalytic activity.

4. Conclusions

A procedure based on the use of reversed mi-
croemulsions was used to prepare various mag-
nesium and aluminium orthophosphates that were
found to be structurally and compositionally simi-
lar to solids obtained by precipitation from aqueous
solutions. Specially prominent among the features
of the new solids are their high specific surface
area and a model pore size distribution (particu-
larly in the aluminium phosphates). The solids were
tested as catalysts in the model reaction involving
the dehydration—dehydrogenation of isopropy! alco-
hol, where the magnesium phosphates exhibited a
high selectivity towards acetone and the aluminium

45

phosphates towards propene. The catalytic activity of
these solids is similar to that of solids obtained by
precipitation from aqueous solutions. In some cases
the solids prepared from microemulsions were even
more catalytically active than their counterparts.
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