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Chemical composition, texture, and surface reactivity of three samples ot aluminum phosphate
prepared by aging of aluminum chloride and orthophosphoric acid in different media (aqueous
ammonia, ethylene, and propylene oxide) have been studied. The final pH value, 6.1, was the same
in the three procedures. The Al/P molar ratio was near stoichiometry (0.86—1.22). Although the
samples were heated to temperatures as high as 1000°C, X-ray diffractograms gave lines corre-
sponding only to AIPO,. Significant differences in texture and mainly in concentration of surface
acidic, basic, and redox centers, were found, showing that the nature of the precipitating agent also
plays an important role in determining the final properties of the high area, near stoichiometric

aluminum phosphate obtained.

INTRODUCTION

In this paper extended data on texture
characterization and surface chemical reac-
tivity of three different preparations of near
stoichiometric AIPO, are given. Aluminum
phosphate has been reported to be active
both in liquid phase hydrogenation (/) and
acid-base catalysis (2-6).

The texture and surface chemistry of
AlIPO, has been treated among others, in
the excellent review by Moffat (2) and in a
more recent paper by Haber and Szybalska
(4). AIPO, belongs to a family of com-
pounds whose network, due to the covalent
character of phosphorus, ranges from more
or less irregular open cylindrical pores, as
in silica, to classic lamellar structures (2).
Indeed, the chemical formula of the new
AIPO family of zeolites (7, 8) falls within
the range of aluminum phosphate prepara-
tions.

The methods of preparation of high sur-
face area AIPQ, usually follow a variant of
the procedure first described by Kearby
(9), i.e., gelification of a mixture of an alu-
minum salt (chloride, nitrate) with ortho-
phosphoric acid (or NaH,PO; (4)) in the
presence of a base (ethylene oxide (9, 10),
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propylene oxide (/0), ammonia (/, 3, 5, 6)).
By changing the relative proportions of the
reactants a serics of preparations can be ob-
tained, whose Al/P ratio can vary from near
zero to 20 (2, 4, 1).

Recently, some controversy has arisen in
this journal (/1, 12, 6) starting with the
statement of Vogel and Marcelin (//) that
near stoichiometric Al/P preparations car-
ried out at pH > 4 are not aluminum phos-
phate but rather an alumina—aluminum
phosphate (AAP) mixture. We hope that
results of this work help to clarify this is-
sue.

EXPERIMENTAL
Materials

Three different aluminum orthophos-
phates were prepared by mixing aqueous
solutions of AICl; - 6H,0 and H;PO, (85%
wt) in stoichiometric amounts in the pres-
ence of ethylene oxide (sample B), propyl-
ene oxide (PC), and aqueous ammonia (F)
as neutralizing agents. The neutralizer was
added slowly dropwise with vigorous stir-
ring in order to get a homogeneous pH
through the whole solution until precipita-
tion took place. The pH value at the precip-
itation end point was 6.1 in all cases.
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The precipitation was always carried out
at 273 K. After allowing the obtained gel to
settle, it was filtered, washed with isopro-
pyl alcohol, and dried at 393 K for 24 h. The
resulting powders were screened at 200-
250 mesh and then calcined at 920 K for 3 h
and stored in a desiccator. More details
about the methods of preparation can be
obtained from Ref. (/3).

Apparatus and Methodology

Chemical analyses were effected with a
3030 Perkin—Elmer AA spectrometer, using
conventional methods: 309.3-nm wave-
length, 0.7-nm slit for Al, and 213.6-nm
wavelength, 0.2-nm slit for P. In both cases
a nitrous oxide—acetylene flame and a Hol-
low Cathode Lamp (HCL) as excitation
source were used. Sensitivity was 1.1 ppm
for Al and 290 ppm for P (data on P content
may be affected by this poor sensitivity). X-
Ray diffraction powder analyses were per-
formed with Fe-filtered CoKa radiation (A
= 1.79026 A) in a Philips X-ray diffractome-
ter. The instrument was operated with a
scanning speed of 2°/min, and data were re-
corded for 26 between 10 and 80°, Eventu-
ally a speed of 1°/min was used in order to
get a higher resolution of the more impor-
tant peaks. TGA's were carried out in a
Perkin—Elmer TGS2 thermobalance which
was commanded through a Thermal Analy-
sis Controller System 7/4. Data were col-
lected as percentage weight loss in a Data
Station 3600, which is also used as a pro-
cessing system. Sensitivity of the equip-
ment was 0.2 ug.

Conventional methods were used for tex-
tural characterization. SEM micrographs
were taken with an ISI-130 microscope.
Particle size distributions were determined
using a Coulter counter ZM system. Nitro-
gen isotherms at 77 K were obtained with a
Micromeritics Digisorb 2500 plus a PDP-8
microcomputer. Mercury intrusion porosi-
metry to 206.7 MPa (30.000 psi) was ef-
fected using a Micromeritics 9300 Pore Size
Analyzer (30 A minimum pore radius at-
tained).
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TABLE 1
Chemical Analysis and Al/P Ratios

Sample Al% P% Al/P, molar ratio
B 19.64 18.55 1.22
F 19.54 23.72 0.94
PC 20.79 27.84 0.86

Various methods were used to determine
surface reactivity. The presence of surface
hydroxyls was studied by combined TG-IR
experiments. IR spectra at room tempera-
ture were run in a PE 682 spectrometer on
2% AIPO, in KBr pressed disks (~200 mg
weight, ~13 cm?g exposed geometrical
area). Materials previously ground to 0.1
mm size, were pressed at 2, 5 and 8 x 103
kg - cm™? and maintained in a desiccator
until spectra were run.

Acid centers were determined by titra-
tion with cyclohexylamine (CY, pK, =
10.6), pyridine (PY, pK, = 5.3), and 2,6-di-
t-butyl-4-methylpyridine (DTBMPY, pK, =
7.5), and basic centers were titrated with
acrylic acid (AA, pK, = 4.25), phenol (PH,
pK, = 9.9), and 2,6-di-t-butyi-4-methyl-
phenol (DTBMPH, pK, = 11.1). Oxidore-
ducing sites were determined on the basis
of adsorption on the solid surface of
phenothiazine (PNTZ, ionization energy,
IE = 7.13 eV) or 1,3-dinitrobenzene (DNB,
electron affinity, EA = 2.21 eV). Adsorp-
tion was carried out from cyclohexane solu-
tions (spectroscopic grade, Merck) at 298 K
using a spectrophotometric method de-
scribed elsewhere (14, 15).

RESULTS AND DISCUSSION
Chemical Identification and Structure

Chemical analysis of the solids after dry-
ing at 378 K for 16 h gave the results col-
lected in Table 1. The chemical formulae
are not far from the stoichiometric compo-
sition, showing an excess of phosphorus in
samples F (5.56%) and PC (16.43%) and a
deficiency (17.85%) in sample B, as com-
pared with AIPQ,.
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F16. 1. X-Ray diffractograms. (a) Untreated sam-
ples, B, F, PC, ALO, (NO;Al, NH,OH) after 3 h,
650°C treatment. (b) After 800°C, 3 h. (¢) After 1000°C,
3h

X-Ray diffraction patterns of the three
phosphate samples, both before and after
sintering in air at temperatures to 1000°C,
are given in Fig. 1. From this, it is apparent
that crystallinity grows with treatment tem-
perature, but, whereas the AIPQ, spectrum
is fully developed at 800°C in samples PC
and F, sample B needs a 4-h treatment at
1000°C for all the peaks corresponding to
AIPO, to appear. Crystallinity in sample F,
is fairly well developed at 650°C, growing to
completion at 800°C. No signal denoting
Al,O; is seen. In order to compare spectra,
an X-ray diffractogram for ALO; (ex
AI(NO;);/NH,OH) previously heated at
1000°C for 3 h is also shown. After the
1000°C treatment all samples show spectra
which correspond fairly well to that of
ASTM synthetic AIPO,, formed from AICl;
- 6H,O + (NH4)H,PO, and water heated at
950°C for 20 days, although the relative
peak intensities differ slightly from those
reported. The structure of samples F and
PC correspond to the pseudohexagonal one
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of tridymite rather than to the cubic one of
a-crystobalite reported by Haber and Szy-
balska (4), which is more apparent in sam-
ple B.

An aluminum phosphate prepared simi-
larly to sample F by Itoh ez al. (3) gave an
amorphous X-ray pattern when heated at
750°C. Our spectra are not substantially dif-
ferent from those given by Vogel and Mar-
celin (11), but our interpretation differs:
while they assign the crystalline material to
AIPO,4 and the amorphous spectra to alu-
mina—aluminum phosphate (AAP), we en-
visage a more simple situation, viz. a transi-
tion from an amorphous to a crystalline
AIPQ,. Although the existence of AAP was
reported by Moffat (2) and diffraction ef-
fects corresponding to boehmite were
found by Haber and Szybalska () for prepa-
rations with Al/P > 1.4, the X-ray spectra
obtained in this work do not show any ef-
fects different from those corresponding to
AlPO, even though the treatment tempera-
tures were high enough to produce alumina
segregation. Deviations from stoichiometry
fall within the range (0.8—1.2) in which the
aforementioned authors (¢) did not find ei-
ther AlLO; or P,Os as independent compo-
nents. Besides, additional experiments with
ALO, + AIPO, under the same conditions
(aqueous ammonia medium, pH 6.1)
showed a lack of crystallinity at tempera-
tures up to 1000°C in the AlL,O; and phos-
phate detected. The behavior was as if
crystallization of these two species were
mutually inhibited (Fig. 2). There is no
doubt that Marcelin and Vogel’s (/]) state-
ment, that preparation of AIPO, at pH
above 4 gives AAP, cannot be generalized.

TG and DTG curves between room tem-
perature and 1000°C for sample B as an ex-
ample are given in Fig. 3. The DTG curves
in static air atmosphere show a single peak
at temperatures below 290°C; its size is ap-
parently unrelated to the surface area of the
samples. Above 290°C, the three samples
exhibited a similar, uniform weight loss
probably due to the removal of composition
water, indicating similar surface states.
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FiG. 2. X-Ray diffractogram. ALO, + AIPO, (1/1)
after 1000°C, 3 h treatment.

Texture

Particle size. The more relevant statisti-
cal dimensions calculated from the particle
size distribution measurements are col-
lected in Table 2. Counting was accom-
plished between 2.74 and 60 um in 14 chan-
nels at a 1.2 ratio, with an orifice diameter
of 140 um. No relevant differences between
samples were observed.

Also, SEM (Fig. 4) showed no important
differences among the three samples. The
texture was mainly amorphous, with pore
openings greater than 200 A (Series I). In
some cases, some poorly defined micro-
crystalline particles were apparent on the
surface; their size in sample F was about
double that in B and PC (Series I1). They
probably signalled an incipient crystalliza-
tion which can be followed by XRD as tem-
perature increases.

Specific surface area, Sggr. From the ni-
trogen adsorption—desorption isotherms
(Fig. 5) at 77 K, in the range p/py < 0.3,
Sger values have been obtained. They are
given in Table 3, together with the more
relevant textural parameters of the sam-
ples. The Cger values, not far from 100, are
similar to those for inorganic oxides. They
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TABLE 2

Particle Size Statistical Diameters (um)

Sample Mean Median Mode
B 7.5 28 25
F 6.6 22 31
PC 6.6 24 20

denote a high heat of adsorption, and were
employed, after Lecloux (17), for determin-
ing the pore size distribution.

Porosity. Macro and mesoporosity data
from mercury penetration porosimetry are
given in Fig. 6. From these curves a high
incidence of macroporosity in the total pore
volume of all samples is apparent. Macro-
pores larger than 13 wm are present in sam-
ples B (65%) and PC (42%), as well as pores
smaller than 180 A (24 and 30%, respec-
tively). Sample F is essentially mesopor-
ous; only 16.5% of its volume is in pores
>13 um, and it does not show porosity un-
der 62 A. A summary of these data is given
in Table 3 (column 4).

The analysis of N, isotherms for meso-
porosity studies was made according to
Broekhoff (16). All three isotherms belong
to BDDT type IV with an HI hysteresis
which is not well defined at high pressures
in sample F, and a fairly wide distribution
of pore sizes. The nearly parallel aspect of
the two branches over an appreciable range
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FiG. 3. Aluminum phosphate, sample B, TG, and
DTG. Static air atmosphere, 10°C/min scan rate.



SERIES I

SAMPLE B x 5000

SERIES T

SAMPLE F x 5000

Fi1G. 4. Scanning micrographs. Series I X 5000, samples B, F, PC. Series I1 x 20,000, samples B, F;

X 40,000, sample PC.
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SERIES I

SAMPLE PC x 5000

SERJES TI1

SAMPLE B x 20000

Fi1G. 4—Continued.
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SERIES II

SAMPLE F x 20000

SERIES II

SAMPLE PC x 40000

FiG. 4—Continued.
490



TEXTURE OF ALUMINUM PHOSPHATE

491

TABLE 3

Textural Parameters

Sample Seer Cper  Hg porosim. Nitrogen isotherms t Curves
(m? g-%)
Vitd>e0 &) Vpow>q>2m  Diameter, A Hyst. Cond. St Vo< &) dé,v
(cm’g™)  (ecm’g plipe plpy  (m*g ") (mm’g™") (A)
Mode Mean
B 257 82 1.087 0.711 93 94 0.55 0.50 244 9.3 169
F 156 72 0.966 0.627 115 137 042 042 139 0.9 248
PC 271 69 1.310 0.926 115 113 055 048 268 34 193

of relative pressures is associated with cy-
lindrical pores or with voids formed upon
contact of near spherical particles. Unsatu-
ration in sample F points to the presence of
a developed macroporosity, confirmed by
mercury penetration.

The SEM micrographs, together with XR
diffractograms and N, isotherms, lead us to
conclude that the texture of the samples
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Fic. 5. N; adsorption—desorption isotherms. ()
Sample B, (®) sample F, (A) sample PC.

may be formed mainly by cylindrical or
spheroidal pores located in the amorphous
phase, with no apparent crystallinity in
them.
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F1G. 6. Mercury penetration porosimetry. Samples
B, F, PC.



492

CAMPELO ET AL.

200# :
B arc
- L B:}
L oF ]
_ 150F 4
s ¢
£ L s )
> 100 M‘ °
L .
[ “..ﬁ o ®
so- 8 L .....0"'.. *
[ e ceoee®®
_ I | I |
3 ¢ 5 6 7 8 .
t,A

,

F1G. 7. t-Plots. () Sample B, (@) sample F, (A) sample PC.

The mesopore volume was obtained from
the quantity of gas adsorbed at p/p, = 0.98
(column 5 in Table 3). The t-plots (I7) of
the adsorption branch of the isotherms are
shown in Fig. 7. From them, a weak micro-
porosity, almost null in sample F, is appar-
ent. In samples B and PC capillary conden-
sation starts at relative pressures lower
than the closure of the corresponding hys-
teresis loops, showing a small incidence of
sites in which reversible condensation oc-
curs (Table 3, columns 8 and 9). Surface
areas from the ¢-plot (column 10) corre-
spond quite well with Sger data.

By application of Brunauer’s (/8) mod-
eless method and cylindrical pore shape
model to the adsorption branch of the iso-
therms, calculations of pore size distribu-
tions have been made. The curves (percent-
age frequency versus mean pore diameter)
are shown in Fig. 8. From them and
through application of elemental statistical
calculus, mode and mean pore diameter
have been obtained (Table 3, columns 6 and
7). In the last column, an average diameter
(dyw = 40,000 V,,Hg/SBET) is also given.

From those data, some differences in tex-
tural parameters of the three samples are
apparent. Especially, sample F, precipi-
tated from ammoniacal medium, shows an
important departure in Spgr and pore size

distribution from samples B and PC which
were obtained with ethylene and propylene
oxide, respectively.

Thus, not only pH, but also the nature of
the precipitating solution plays a major role
in the textural characteristics of the near
stoichiometric aluminum phosphates ob-
tained. This influence would be probably
due to the entrapment of molecules of the
media by the precipitated amorphous mass
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Fi1G. 8. Pore diameter distributions. Percentage of
maximum pore volume versus average pore diameter,
A. (W) Sample B, (®) sample F, (A) sample PC.
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TABLE 4
Water Loss TG Data

Sample % Weight losses OH~
(nm?)
Total 275-1000°C
B 11.65 1.25 3.26
F 13.67 1.66 7.11
PC 10.25 0.89 2.20

in the first stages of preparation, followed
by corresponding gas evolution as heating
to 650°C proceeds. In this way, macropo-
rosity could be related to physical proper-
ties of the precipitating agents, and meso
and microporosity with OH- losses, as
thermoanalyses will show later, and with
the appearance of crystallinity.

Surface Reactivity

IR spectra. They are similar for all three
samples. Peaks are not well developed;
only those corresponding to O—P—O
(485, 602-613 cm~'), AlI—O in combination
with P—O (709 cm™!), and P—Q (1114,
1254 cm™') (19) are apparent. A shoulder at
2926 cm™! and a peak at ~1460 cm ™! for the
F sample, probably related with the aque-
ous ammonia precipitation medium of the
aluminum phosphate, is the only difference
observed in the three spectra. This differ-
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ence has been emphasized through proper
treatment of the spectra, which shows, be-
sides, a higher content of O—P—OQO and
Al—O groups probably affected by H-
bonding to their O atom with other more
abundant surface OH groups.

Surface hydroxyl content. From the TG
and DTG curves obtained for all three sam-
ples after equilibration for 1 week in a des-
iccator, the percentage total losses and
OH" content corresponding to the continu-
ous weight loss between 275 and 1000°C,
were calculated (Table 4).

The higher crystallinity and lower sur-
face area of sample F revealed through
XRD and adsorption measurements are not
confirmed by these data, which, on the con-
trary, agree with the small differences be-
tween samples observed in the IR spectra.

Surface chemical properties. Data on the
adsorbed amounts, X,,, in meg/g, of the
three titrant amines used in the present
work, are given in Table 5. The total num-
ber of acidic centers deduced from adsorp-
tion of cyclohexylamine (pK, ~ 10.6) are
comparable with those previously reported
from butylamine (pK, ~ 10.73) adsorption
by Kearby (9) and Tada and co-workers
(20), and one half the value found from am-
monia adsorption by Gallace and Moffat
(5). As has been said elsewhere (14, 15), the
tabulated X, values are a function not only

TABLE 5

Titrant Adsorption (298 K, Cyclohexane)

Titrant pK, meq/g Sites/nm?

B PC B F PC
CY 10.6 0.789 0.815 0.995 1.844 3.147 2.211
DTBMPY 7.5 0.090  0.049 0.057 0.311 0.189 0.127
PY 53 0.320  0.190 0.227 0.750 0.734 0.504
PH 9.9 0.055  0.110 0.077 0.129 0.425 0.172
DTBNPH 1.7 0.002  0.001 0.002 0.0045  0.004 0.0042
PNTZ (IE)7.13 0.002  0.0002 0.002 0.0045  0.0008 0.0042
DNB (EA)2.21 0.003  0.001 0.001 0.0072 0.0039 0.0034

Note. IE, ionization energy; EA, electron affinity.
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of amine pK,s, but also of their molecular
size due to steric hindrance within the pore
system of the solid, as can be seen through
a comparison of data for DTBMPY (pK,
7.5, A = 136 A% and PY (pK, 5.3, A = 39
A?), and the corresponding sample pore
sizes in Table 3.

As it is known, the structure of aluminum
phosphate is such that both atoms, phos-
phorus and aluminum, are surrounded by a
tetrahedron of oxygen atoms. It is iso-
structural with SiO, with P and Al atoms
alternating regularly in the network of cor-
ner-linked oxide tetrahedra. When the
preparation is rich in phosphorus, segrega-
tion of P,Os as a separate phase takes place
(4); on the contrary, Al,Os is present when
Al/P > 1. In this work, however, no appar-
ent independent phase has been shown by
X-ray diffraction, although, their presence
in quantities lower than the detection limit
of the technique cannot be discarded, thus
justifying the found differences in acidity
and/or basicity of the samples. In fact if the
AVP ratio were 1 in all three samples, only
differences in crystallinity (size of crystals,
surface defects, ratio of amorphous to crys-
talline phase) could explain the different
amine adsorption behaviour, since the final
precipitation pH was similar.

In our opinion, the resulting acidity
seems a combination of two factors: sur-
face OH- content and P/Al ratio. The
former, as Campelo er al. (26) stated, is re-
lated to the degree of order of the crystal-
line structure, and consequently to its elec-
tron transfer properties. According to
Moffat (2), an increasing value of the P/Al
ratio diminishes acidity in the studied
range. A proper combination of the two fac-
tors may explain the obtained results at pK,
~ 10.6. The P/Al ratio is mainly responsible
for those corresponding to strong acid
sites, as Peri (21) pointed out for exposed
Al atoms in the Al—O—P surface
links.

Some previous work on basic sites in
AIPO, has been made by Gallace and Mof-
fat (5) and by Haber and Szybalska (4).
Also Peri observed, by adsorption of CO,
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and HCI on AIPQO,, a small presence of ‘‘a-
sites’’ or reactive surface oxides ions. Our
results for phenol adsorption show a certain
surface concentration of basic centers (see
Table 5) which is about one order of magni-
tude lower than that of acidic ones.

A comparison between adsorbed
amounts and corresponding pK,’s for acid
and base titrants, shows that acid sites are
much more numerous than basic ones and
the acid strength is more important, as Peri
(21) has suggested. Again, sample F shows
an important difference in basic sites con-
tent with respect to the other two samples,
almost doubling their B/A ratio. Since the
oxygen exposed atoms are responsible for
the basicity of the samples, the higher rela-
tive number of surface oxygen in sample F
compared to B (more Al) and PC (more P)
may be responsible for such a situation. Al-
ternatively, following Moffat (22), the
NH,OH or HOH retained by the sample
(TG and IR data) on phosphorus or alumi-
num atoms, may enhance the basic capabil-
ities of the bridging oxygen atoms in the
P—O—Al linkages, thus explaining the ob-
tained results. Results with DTBMPH, not
paralleling those with DTBMPY, reinforce
that supposition if ammonia and/or water
are retained in the narrower and, for this
titrant, unreachable pores.

One-electron donor and one-electron ac-
ceptor properties were determined on the
basis of adsorption on the solid surface of
1,3-dinitrobenzene (DNB, EA = 2.21 eV)
and phenothiazine (PNTZ, IE = 7.13eV) as
indicated. Results are given in Table 3.

Although the exact nature of the sites in-
volved in the electron transfer processes is
not clear, the oxidizing sites were identified
(23, 24) as Lewis acid sites or polarity de-
fects related with AP*, whereas the reduc-
ing centers were ascribed to basic OH ™ sur-
face groups or cationic vacancies in the
vicinity of O?~. In some cases the simulta-
neous presence of both sites has been
shown (24, 25). Thus, PNTZ adsorption
can be related with acidity lower than 7.5
pK.,, and that of DNB with basicity of the
samples.
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Anyway, from Table 5, concentration of
electron transfer sites on AIPO, surface is
so extremely low, that it is difficult to estab-
lish a relationship with acid and basic cen-
ters. It seems clear, however, that basicity
in sample F like in (26) lacks completely
reducing capacity, thus maintaining DNB
adsorption in it as low as in B and PC sam-
ples.

CONCLUSIONS

From this study the relationship between
preparation pH and Al/P ratio with the na-
ture of the resultant AIPO, is beyond ques-
tion. Also the precipitating agent seems to
play an important role, at least with sam-
ples treated at temperatures at which total
crystallinity has not yet been attained.
Thus, in working with ammonia and ethyl-
ene and propylene oxides, not only differ-
ences in surface area and pore size distribu-
tion have been shown, but also, and more
important, in acid site/basic site ratio as
well as in one-donor, one-acceptor electron
properties. In that sense, the nature of the
precipitant agent could be a new clue in the
design of catalysts with a required reactiv-
ity.

Anyway, further study is needed to as-
certain the influence of these changes in the
final behavior of the solids, and to obtain
more general conclusions.
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