
JOURNAL OF CATALYSIS 128, 293-302 (1991) 

Amorphous AIPO 4 as Catalyst Support 

2. Characterization of Amorphous Aluminum Phosphates 1 

BERND REBENSTORF, *'2 THOMAS LINDBLAD,* AND S. LARS T. ANDERSSON~" 

*Research Group on Catalysis, Inorganic Chemistry 1, and ?Chemical Technology, Chemical Center, 
University of Lund, Box 124, S-221 O0 Lund, Sweden 

Received March 22, 1990; revised August 20, 1990 

Three different amorphous aluminum phosphates have been characterized by their specific surface 
area and pore volume and by XPS and FTIR studies. Three types of AI surface hydroxyl groups 
at 3793.8, 3768.5, and 3743.2 cm-l  and only one type of P surface hydroxyl groups at 3677.5 cm-i 
are found in FTIR spectra after evacuation at 800°C. The ratio of the integrated absorbance of the 
IR bands from AIOH and POH surface groups is a sensitive tool to study the surface of AIPO 4 
directly. A linear relation between the electronegativity of the metal ion and the stretching vibration 
of surface hydroxyl groups is proposed for A1, Si, P, and B tetrahedral surface ions. The three A1 
surface hydroxyl groups are assigned to four-coordinated (tetrahedral), five-coordinated, and six- 
coordinated surface AI ions. Amorphous AIPO 4 contains four- and five-coordinated AI ions and 
AIPO 4 with high specific surface area also has six-coordinated AI ions at the surface. CO is adsorbed 
on the phosphorus surface hydroxyl groups at low temperature, giving an IR band at 2170 cm-I, 
while the IR band from the PO-H group is shifted to 3495 cm-I. On AIPO 4 of high surface 
area, CO is also adsorbed on coordinatively unsaturated, five-coordinated AI surface ions. Four- 
coordinated AI ions are also found, but none with the coordination number three. Impregnation with 
chromium compounds in ethanol does not change the specific surface area, whereas impregnation in 
water resulted in a decreased specific surface area, to less than half of its previous value, e 1991 
Academic Press, Inc. 

INTRODUCTION 

Amorphous phosphates have found in- 
creasing interest as catalysts or catalyst sup- 
ports in the last 30 years (1). Of these phos- 
phates, aluminum phosphate is the one with 
the highest specific surface, which may be 
as large as 525 m2/g (1). Such a value is 
comparable to those measured on silica gels, 
which are also amorphous. The basic build- 
ing units are in both cases tetrahedral: for 
silica gel these are SiO 4 units, while in AIPO4 
two different types are involved, i.e., AIO 4 
and PO 4 units. The Si-O distance in silica 
gel is 1.61 _A (2), while A1-O and P-O dis- 
tances in amorphous A1PO 4 are 1.70 and 
1.516 A (1), respectively. Therefore silica 

For Part 1, see Ref. (17). 
2 To whom correspondence should be addressed. 

gel and amorphous AIPO 4 are structurally 
very similar. 

However, the surfaces of the two amor- 
phous materials are very different. While 
silica gel has only slightly acidic surface sila- 
nol groups (3), which show an O-H stretch- 
ing vibration for single surface hydroxyl 
groups at 3745 cm-1 (3), amorphous AIPO 4 
has two different types of surface hydroxyl 
groups: AIOH and POH. The more acidic 
phosphorus surface hydroxyl groups have a 
stretching vibration at 3680 cm i and the 
more alkaline aluminum surface hydroxyl 
groups at 3800 cm- l (4). One can therefore 
expect that the phosphorus surface hy- 
droxyl groups will react more easily with 
cations than will the aluminum ones. Using 
these two amorphous materials as catalyst 
supports may therefore influence the cata- 
lytically active sites either by altering the 
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electron density on the surface (transition) 
metal atoms or by altering the geometry of 
the active sites. 

Recently, amorphous aluminum phos- 
phates with high pore volumes have been 
used as supports (5-9) for modifications of 
the Phillips catalyst (chromium(VI) on silica 
gel) (10) and the Union Carbide catalyst 
(chromocene on silica gel) (I 1) for the poly- 
merization of ethylene. 

The Union Carbide and the reduced Phil- 
lips catalysts have been studied previously 
in our laboratory using FTIR spectroscopy 
of CO adsorbed on the catalytically active 
chromium surface sites (12-16) as the prin- 
cipal investigation technique. The results 
can best be explained assuming dinuclear 
chromium surface compounds as the cata- 
lytically active sites. 

At present our interest lies in investigating 
amorphous phosphates as catalyst supports, 
especially for the Phillips and Union Car- 
bide catalysts (! 7). The present paper deals 
mainly with the characterization of these 
supports. 

EXPERIMENTAL 

Amorphous aluminum phosphates were 
prepared from AI(NO3) 3 6H20 and 
(NH4)2HPO 4. Two different P/A1 ratios 
have been used: 1.1 (support I) and 0.9 (sup- 
port II). The starting materials were dis- 
solved in water acidified with HNO~ and the 
hydrogel was formed by adding concen- 
trated ammonia solution to a pH of 8. After 
1 h the solvent was filtered off and the hy- 
drogel washed with two times its volume of 
distilled water. The hydrogel was then dried 
at 120°C for 16 h and calcined at 500°C in air 
for 30 min. In addition, a high pore volume 
aluminum phosphate, SMR 9-1897 (from 
Grace, West Germany), was used (support 
III, also calcined at 500°C). 

The three supports were impregnated 
with 0.5 wt% chromium in three different 
ways: (A) chromium(III) acetylacetonate in 
ethanol, (B) chromium(III) chloride (green) 
in ethanol, and (C) chromium (VI) oxide in 
water. The ethanol was removed by cau- 

tious heating of the samples to 80°C in air 
and calcination again at 500°C. Thesamples 
will be referred to below by the support 
number and the impregnation procedure, 
i.e., IA to llIC (see also Table 1). 

Surface areas were measured in a Mi- 
cromeritics Ftowsorb 2300 after degassing 
at 350°C for 2 h. For some samples the sur- 
face area was also measured in a gravimetric 
BET apparatus. These samples were de- 
gassed at 350°C for 18 h by evacuation to 
< 10- 3 Pa. The error of the surface area mea- 
surements is +5%. Pore size distributions 
were calculated from the desorption branch 
by the method of Dollimore and Heal (18). 

X-ray diffractograms were obtained with 
a Philips PW 1710 powder diffraction unit 
equipped with a PW 1050 wide-angle goni- 
ometer and a LiF monochromator. 

The XPS studies were performed on a 
Kratos XSAM 800 instrument. An A1 anode 
(1486.6 eV) was used. The slitwidths were 
set at 40 ° and the analyzer was operated at a 
40-eV pass energy and at high magnification. 
Charging effects were corrected for by ad- 
justing the main C ls peak to a position 
at 285.0 eV. Analysis of the spectra was 
performed with the DS 800 data system. 
Sensitivity factors used in the quantification 
were O Is = 0.66, A1 2/) = 0.19, and Cr 2p 
= 2.30 as supplied by Kratos, whereas P 
2/) = 0.434 was obtained from the known 
composition of support I (P/AI, 1.1) and sup- 
port II (P/AI, 0.9). 

The IR spectra were recorded on a Nico- 
let 20 SXC FTIR spectrometer with a resolu- 
tion of 2 cm -1 and 1024 scans were av- 
eraged. 

The IR cell has been described previously 
(19). A self-supporting disk (65 mg; diame- 
ter, 2 cm) of the sample was heated in an 
IR cell to 800°C under vacuum. At 500 and 
800°C the sample was treated with oxygen 
(1 atm) for 10 min each. Thereafter CO was 
added at 350°C (15 min). The CO was evacu- 
ated at 300°C and a spectrum was recorded 
at room temperature. The cell was filled with 
10 kPa CO and spectra were recorded at 
room temperature and at - 85 and - 115°C 
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T A B L E  1 

Su r f ace  A r e a s  (m 2 g ~) o f  Var ious  AIPO4 S a m p l e s  

M e a s u r e d  wi th  F l o w s o r b  2300 E q u i p m e n t  

Support Type of impregnation 

None Cr(acac) 3 Cr((H20)4CI2)CI CrO 3 
ethanol ethanol water 

I 132 140 I29 43 
I1 145 137 143 74 
!11 287 297 296 136 

Impregnation code A B C 

(100 Pa CO). This standard procedure was 
changed if necessary as indicated in the text 
below. 

The CO IR spectra are always difference 
spectra, calculated by subtracting the first 
IR spectrum of each sample (after evacua- 
tion at 300°C) from the other ones. The 
fringes in Fig. 8, spectra 1 and 2, are due 
to incomplete subtraction of the gas-phase 
spectrum of CO. This incomplete subtrac- 
tion arises from small wavenumber shifts in 
the spectra, caused by a shift in the laser 
frequency, which calibrates the interfero- 
grams. Variations in the optical thickness of 
different sample disks may be the ultimate 
cause. 

R E S U L T S  

Surface Areas 

The BET surface areas are shown in Table 
1. Of the two supports I and II, prepared 
in the same way, a slightly larger area is 
observed for the latter, having a P/AI ratio 
of 0.9. Impregnation with chromium com- 
pounds in ethanol solution hardly affects 
these surface areas. Taking the mean values 
of the three preparations of support I and of 
support II (I, IA, IB and II, IIA, lIB) gives 
surface areas of 134 and 142 m2/g, respec- 
tively. Impregnation with CrO 3 in water so- 
lution, on the other hand, results in a large 
reduction of the surface area. The commer- 
cial A1PO4 (Grace) gave a much larger sur- 
face area, 287 m2/g, which did not change 
upon impregnation in ethanol. As for the 

other carriers, impregnation in water solu- 
tion resulted in a large reduction of the sur- 
face area. 

Table 2 shows pore volume, cumulative 
surface area, and BET surface area as mea- 
sured in the gravimetric BET apparatus. A 
comparison of these surface areas with 
those reported in Table 1 shows a reason- 
able agreement for samples I, If, and IIIC. 
For sample III, having a much higher sur- 
face area, a large discrepancy in the surface 
area obtained by the two methods is ob- 
served. The reason for this behavior may be 
that the outgassing condition in the Flow- 
sorb (outgassing in a flow of dry He at 350°C 
for 2 h) is too mild compared to the outgas- 
sing at 350°C for 18 h with pumping down 
to a vacuum <10 3 Pa as in the gravimetric 
equipment. 

The pore volume (Table 2) is of a size 
adequate for a commercial ethylene poly- 
merization catalyst (I-1.5 cm3/g) only for 
support III. The large reduction in surface 
area on impregnation with chromium salts 
in water solution for sample IIIC has also 
resulted in a large reduction in the pore vol- 
ume, to a size similar to that for the other 
supports. The cumulative pore volume ver- 
sus the pore diameter is shown in Fig. 1. 
It is evident that the large pore volume in 
support III is contained mainly in meso- 
pores of a size between about 100 and 300 A_ 
and that these disappear on impregnation in 
water solution. The pore size distribution is 
shown in Fig. 2. The commercial AIPQ (IIl) 
shows a clear pore size distribution with a 
broad two-peak maximum centered around 
160 A. 

The cumulative (pore) surface area is plot- 
ted against the pore diameter in Fig. 3. The 
large portion of surface area contained in 
large pores for the commercial support (III) 
is clearly seen (curve l). This sample con- 
tains about 85% of the total surface area in 
pores larger than 60 A. After impregnation 
with chromium in water solution the same 
support now has 72% of the total surface 
area in pores less than 60 _~ in diameter 
(curve 4 in Fig. 3). For supports I and II 
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TABLE 2 

Pore Volume and Surface Area of Some AIPO 4 Samples Measured with the Gravimetric BET Equipment 

Sample Pore volume (cm3/g) Cumulative surface 
area (m2/g) 

P/P0 < 0.95 P/P0 < 0.99 P/P0 < 0.95 P/P0 < 0.99 

BET 
surface 

area 
(m2/g) 

I 0.247 0.315 127 130 141 
II 0.289 0.353 138 142 145 
III 1.22 1.27 379 382 350 
IIIC 0.197 0.256 107 110 137 

the corresponding values are 60 and 52% 
respectively. 

XRD Studies 

The fresh A1PO 4 supports were studied by 
XRD, but all three were amorphous with no 
discrete lines in the diffractogram. To check 
if the reduced surface area of samples im- 
pregnated in water solution was a result of  
crystallization, the impregnated support 
I I IC was also measured. No discrete diffrac- 
tion lines were obtained and this sample is 
also amorphous.  It is very likely that the 
other supports impregnated in water solu- 
tion are also amorphous.  

XPS Studies 

The XPS (ESCA) data were quantified for 
O, A1, P, and Cr. The results are shown in 

1.C 

05 

PORE VOLUME (cm3g 4) 

; , , , ; = , = = = = ~  
1 0 200 300 400 5 0 ~00 700 

PORE DIAMETER (,&) 

FIG. 1. Cumulative pore volume as a function of the 
pore diameter for some amorphous AIPO4 samples. (1) 
support !II, (2) support II, (3) support I, and (4) sample 
IIIC (for notation, see text). 

Table 3. The P/AI atom ratio was different 
for the three different AIPO 4 supports. Im- 
pregnation resulted in small variations. 
Preparations based on support I gave values 
of P/A1 close to 1.1 and those based on sup- 
port II  gave P/A1 close to 0.9. In both cases, 
however,  it seems that impregnation in wa- 
ter solution gives a slightly lower P/A1 ratio. 
The commercial  A1PO 4 gave P/AI ratios 
close to 1. Larger  variations were observed 
in the Cr/Al atom ratio. The accuracy in 
determination of Cr 2/) intensity is not so 
high since it is obtained from the difference 
spectra with a larger error (see Fig. 5 below). 

However ,  it was quite obvious that the 
A1PO 4 support I, in general, gave a lower 
Cr/AI atom ratio than the other supports. 
Possibly, this is caused by the higher phos- 
phorus concentration. The highest Cr/AI ra- 
tio is obtained for support l I  with the lowest 

1.5 

1.0 

0.5 

dr/dR (cm3~41 

100 200 300 ;00 
PORE DIAMETER (,&) 

FIG. 2. Pore size distribution for some amorphous 
AIPO4 samples. Notations are as in Fig. 1. 
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I~ ORE SURFACE (m2g "1) 

'o°F 

l I 
300 400 500 

PORE DIAMETER (~,1 
100 200 

F I G .  3. Cumulative pore surface area as a function 
of  pore diameter for some amorphous  AIPO4 samples.  
Notat ions  are as in F i g .  1. 

I 
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0.02 

0 r 
0.9 

Cr/AI XPS RATIO 

(II] ~- 

"~- (Ill) 
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Fro. 4. The Cr/AI atom ratio measured by XPS ver- 
sus the P/AI atom ratio measured by XPS. The points 
represent mean values for series l, If, and Ill, respec- 
tively. 

P/A1 ratio. Figure 4 shows the linear correla- 
tion between the Cr/A1 and the P/A1 mean 
values for all three supports. This means 
that on a support with a high P/A1 much of 
the chromium is not deposited on the sur- 
face in dispersed form, but as larger parti- 
cles, perhaps as chromium phosphate.  

The various core lines investigated for the 
different samples were very similar, and all 
appeared as single lines. Table 4 shows the 
O Is, A1 2p, and P 2p bond energies (BE). 
The Cr 2p core line is interfering with the O 
1 s electron loss background, which contains 
a certain structure with a maximum around 

T A B L E  3 

Atom Ratios in AIPO 4 Samples  Measured by X P S  

Sample O / A I  P / A I  C r / A 1  

1 5 . 9  a 1.07 - -  

I A  6 .1"  1 .10 0 . 0 2 6  

I B  5 .8  a 1 .06 0 .013  

IC 5 .6  a 1.02 0 . 0 1 0  

I1 6 .3  0 .93  - -  

I A  6 . 4  0 .93  0 .042  

l i b  6 . 4  0 .93  0 .063  

I I C  6 . 4  0 .91  0 .043  

111 6 .8  1.01 - -  

I l i a  6 .7  0 . 9 7  0 .033  

I l I B  6 .8  1 .02 0 .025  

IlIC 6 .6  1 .02 0 . 0 4 0  

580 eV. Due to the low Cr concentration 
pure Cr 2p spectra could not therefore be 
obtained. Figure 5 shows some difference 
spectra of Cr 2p calculated by subtracting 
spectra for the pure support from those con- 
taining chromium. The Cr 2p3/2 BE obtained 
is about 578 eV. Charging effects were arbi- 
trarily adjusted for by  giving the O ls core 
line a BE of  531.9 eV. The C ls  line could 
not be used for this purpose since the vari- 
ous samples did not seem to contain identi- 
cal carbon species. Comparison of the Cr 
2p3/e BE values obtained here with the litera- 
ture values is thus not quite straightforward. 
However ,  chromium(liD as in Cr203 gives 
a BE of  576.2 to 576.8 eV (20-25), if refer- 
enced to Au 4f7/2 BE = 84.0 eV or C ls BE 

T A B L E  4 

Binding energies (BE)" and Half-Widths h for Some 
Core Lines Measured for the Various AIPO 4 Samples  

Sample O Is AI 2p AI 2s P 2p P 2s Cr 2p3/2 

I 531.9 74.7 119,5 " 134.1 191.4 - -  
(2.6) (2.7) (3.0) (2.6) (3.2) 

IA 531.9 74.8 119.6 134.2 191.5 577.6 
(2.6) (2.4) (2.91 (2.6) (3.1) 

III 531.9 74.8 119.6 134.1 191.4 - -  
(2.7) (2.4) (2.7) (2.6) (3.2) 

I l i a  531.9 74.8 119.6 134.1 191.4 578.2 
(2.6) (2.3) (2.7) (2.5) (3.1) 

lllC 531.9 74.7 119.5 134.1 191.4 577.9 
(2.6) (2.4) (3.0) (2.6) (3.1) 

a Measured at a transmission different from that for " Corrected for charging effects with O ls = 531.9 eV. 
supports II and I I I .  b Within parenthesis. 
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I COUNTS S -1 / ' ~ 1  

BINDING ENERGY(eV} 
I I I 

590 560 570 

FIa. 5. Cr 2p spectra for some chromium-impreg- 
nated AIPO 4 samples. The spectra are smoothed by a 
39-point quadratic smoothing. (1) Support I! impreg- 
nated with Cr((H20)4CI2)CI in water (sample IIC). (2) 
Support llI (Grace) impregnated with Cr(acac) 3 in etha- 
nol (sample IliA). 

= 285.0 eV. For chromium(VI) as in CrO3 
and chromates and dichromates BE values 
are 579.1 to 580.3 eV (20-25), based on the 
same reference. Our values of about 578 eV 
are intermediate between these two. It has, 
however, been reported that chromium sup- 
ported on silica gel gives a Cr 2p3/2 BE 
shifted about 1.4 eV toward higher BE com- 
pared to the corresponding bulk oxides. 
Thus our Cr BE of about 578 eV corre- 
sponds well with the presence of chromi- 
um(III) species, by comparison with 576.6 
eV for Cr203. It has been reported that for 
calcination temperatures above 500°C, 
chromium(III) states are dominating (26). 

FTIR Spectra of Hydroxyl Groups 

Figure 6 shows the FTIR spectra of sur- 
face hydroxyl groups on the three amor- 
phous A1PO 4 supports. Support I (Fig. 6A) 
shows two IR bands at 3793.8 and 3768.5 
cm -~ at room temperature (spectrum 1). 
After cooling to -85°C these bands are 
shifted to higher wavenumbers by 4.4 and 
5.0 cm ~ (spectrum 2) and their intensity 
increases. Cooling even more to -115°C 
(spectrum 3) does not yield additional 
changes. Figure 6B shows that the support 
II gives the same IR bands from surface 
hydroxyl groups as support I with similar 

shifts on cooling to low temperatures, but 
the relative intensities of the two bands have 
changed, the IR band at 3768.5 cm-~ being 
much smaller in Fig. 6B. Support III (Fig. 
6C) shows a small, additional IR band from 
surface hydroxyl groups at 3743.2 cm 1, 
which shifts at lower temperatures by only 
2.4 cm -1 and is barely noticeable in Figs. 
6A and 6B. The intensity of this IR band 
does not increase on cooling to lower tem- 
peratures (spectra 2 and 3 in Fig. 6C). The 
IR band at 3795 cm-~ has been assigned in 
the literature (4) to aluminum surface hy- 

' i 
..t, 

3825 3800 3775 3750 3725 
WAVENUMBER [cm -I) 

FIG. 6. FTIR spectra of the stretching vibration of 
surface AIO-H groups of amorphous A1PO4 after evac- 
uation at 800°C. (A) Spectra with support I (P/A1 ratio, 
1.1). Spectrum 1 was recorded with 10 kPa CO at room 
temperature, and spectrums 2 and 3 were recorded 
with 100 Pa CO at - 8 5  and - 115°C, respectively. (B) 
Similar spectra with support II (P/AI ratio, 0.9) and (C) 
spectra with support III. 
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FIG. 7. FTIR spectra of  the stretching vibration of 
surface P O - H  groups of  amorphous A J P Q  after evacu- 
ation at 800°C using support II (P/AI ratio, 0.9). Spec- 
trum notation as in Fig. 6. It should be noted that 
different wavenumber  scales have been used for (A) 
and (B). 

droxyl groups and this assignment will also 
be used for the other two 1R bands. Curi- 
ously, the difference between the first and 
the second of  these IR bands is exactly the 
same as that between the second and the 
third (25.3 cm 1). This is evidence for a con- 
secutive addition of  a similar ligand to the 
aluminum ion. This ligand is most probably 
an oxygen ion and the coordination number  
of  the aluminum will be raised to five and 
six, respectively.  

Figure 7A shows the FTIR spectra of  the 
phosphorus surface hydroxyl  group (4). At 
room temperature  (spectrum 1) this IR band 
is at 3677.5 cm -~ on support II.  On cooling 
to 85°C a shift to higher wavenumbers  by 
2.0 cm-~ was observed in spectrum 2, but 
in contrast  to IR bands in Fig. 6, no intensity 
increase of  the already very  large IR band 
was observed.  Instead, the intensity of  this 
band decreases on further  cooling to 
-115°C (spectrum 3 in Fig. 7A). Similar 
spectra were obtained with the other  two 
supports and are therefore  not shown here. 
Figure 7B gives a clue to why the IR band 
from the phosphorus  surface hydroxyl  
groups does not increase with lower temper- 

ature. A broad new band is formed at 3495.6 
cm -1. Obviously a part of the 1R band at 
3677.5 cm -  ~ is conver ted  to a new IR band 
at much lower wavenumbers .  A possible 
candidate for such a convers ion is the ad- 
sorption of  CO at low temperatures.  Cooling 
the samples in the presence of  Ar did show 
the small shifts to higher wavenumbers  in 
the IR spectra of  the surface hydroxyl  
groups, but  not the large one of the phospho- 
rus hydroxyl  group from 3677.5 to 3495 
c m  - l .  

In Fig. 8 the IR band from the stretching 
vibration of  adsorbed CO is at 2170.1 cm 
It can be clearly seen that this IR band also 
grows with decreasing temperature  and is 
not observed at room temperature.  

A CO absorption band similar to that at 
2170.1 cm J is known for CO adsorbed on 
surface silanol groups on silica gel (27) 
where the free hydroxyl  group has a band 
around 3751 cm -1, which is shifted to 3673 
c m -  1 ion adsorption of  CO and the new CO 
IR band from adsorbed CO is observed at 
2157 cm- l .  One can notice an opposite trend 
for the stretching vibration of  the free sur- 
face hydroxyl  groups and that of the ad- 
sorbed CO. A CO absorption on the alumi- 
num surface hydroxyl  groups at 3793.8 and 
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/ .-'""-..3 '\ 

"--. ~ / -:" .;. '\ 

" ~  . . . . .  / "  .'" . . . j  2 ~,,:~ " \  
.. - / -~ .~. 
~Y.~'-~.. .'X~ " "~" 

I J I J 21150 
2190 2180 2170 2160 

WAVENUN BER (cm -1) 

FiG. 8. FTIR spectra of  the stetching vibration of  CO 
adsorbed on amorphous AIPO 4 (support ll) at room 
temperature and 10 kPa CO (spectrum 1), at -50°C  
and 10 kPa CO (spectrum 2), at - 8 5 ° C  and 100 Pa CO 
(spectrum 3), and at - 115°C and 100 Pa CO (spectrum 
4). 
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FIG. 9. FTIR spectra of the stretching vibration of 
CO adsorbed on amorphous AIPQ (support III) at 
- 85°C and 100 Pa CO (spectrum l) and at - 115°C and 
100 Pa CO (spectrum 2). 

3768.5 cm -1 was not observed and is most 
probably too weak for the experimental con- 
ditions used in this work. The aluminum 
hydroxyl group with the IR band at 3743.2 
cm- ~ is not increasing in intensity on cooling 
and does most likely adsorb CO. Because 
the hydroxyl stretching vibration of this 
A10-H group is at 3743.2 cm -1, similar to 
that of silanol groups at 3751 cm- ~, the new 
IR band from adsorbed CO would be ex- 
pected near 2157 cm- ~. This band, however, 
is most probably too weak to be noticed in 
the CO spectra. 

Figure 9 shows the FTIR spectra of CO 
adsorbed on surface hydroxyl groups using 
support llI.  One can notice that the CO IR 
band has become asymmetric through a 
shoulder at 2182.8 cm -1, which is not ob- 
served using the other two supports. Al- 
though the CO causing this IR band cannot 
be adsorbed on the aluminum surface group 
with the IR band at 3743.2 cm-I,  because 
that would be expected around 2157 cm -1 
(see above), a structural difference in the 
support III compared to the other two sup- 
ports may be the origin of both phenomena. 

A CO IR band at 2200 cm-~ from CO 
adsorbed on aluminum surface ions with a 
coordination number of four was noticed in 
CO IR spectra from all supports, but none 

was noticed at 2228 cm i for three-coordi- 
nated A1 surface ions. The latter band is 
found on silica gel modified with aluminum 
oxide. 

DISCUSSION 

As already stated above, the amorphous 
AIPO 4 is structurally very similar to amor- 
phous silica gel because both are built with 
tetrahedral MO 4 units. This simple model, 
however, does not include all the results 
observed above (e.g., several aluminum sur- 
face hydroxyl groups) and must conse- 
quently be modified. 

Surface hydroxyl groups with A1, Si, and 
P show an increasing acidity and a decreas- 
ing O-H stretching vibration. The three ele- 
ments also show an increasing electronega- 
tivity (28). Plotting the electronegativity 
over the stretching vibration of the surface 
hydroxyl groups gives a nearly perfect linear 
relation, as shown in Fig. 10. This is even 
valid after inclusion of amorphous boron 
phosphates, which have surface hydroxyl 
groups at 3696 and 3664 cm-l (assigned to 
BOH and POH groups, respectively) (29). 
In view of the other aluminum surface hy- 
droxyl groups at 3768.5 and 3743.5 cm -1, 
which do not fit into the linear correlation in 
Fig. 10, we restrict the linear relation be- 
tween the electronegativity of the elements 
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FIG. 10. The electronegativity of elernents B, AI, Si, 
and P plotted against the stretching vibration of single 
surface hydroxyl groups of these elements in amor- 
phous metal phosphates. 
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FIG. 11. The integrated absorbance of the stretching 
vibrations from single surface AIOH groups plotted 
against that from single surface POH groups. The ratio 
of the integrated absorbance characterizes the surface 
of amorphous aluminum phosphates. 

and the stretching vibration and BrCnsted 
acidity of its surface hydroxyl group to a 
coordination number of four (tetrahedral co- 
ordination). This relation may now provide 
a tool to assign coordination numbers to sur- 
face metal ions through the IR bands of the 
stretching vibration of their surface hy- 
droxyl groups. 

We therefore assign the two other AIOH 
IR bands at 3768.5 and 3743.5 cm i to alumi- 
num surface species with increasing coordi- 
nation number, i.e., five and six. In Fig. 
10 two tentative, dashed lines are drawn 
through these points parallel to the main 
line, We do not know at present if a linear 
relation also holds for the Other Coordination 
numbers five and six (and possibly also 
three). This hypothesis will be investigated 
by us in further studies and it is hoped that 
more data points will be added to the 
picture. 

The integrated absorbance of the alumi- 
num surface hydroxyl groups is plotted 
against that of the phosphorus surface hy- 
droxyl groups in Fig. 11. One should notice 
that these data points represent ratios, 
which means that experimental errors due to 
different sample disk positions and different 
sample disk thickness cancel each other. 
The data points give a straight line for sup- 
ports II and III. This line goes through the 

origin in Fig. I 1. Support I deviates from 
this line, which means that the ratio of AIOH 
and POH groups is different for this support 
than for the other two. Comparing the points 
for supports II and III with values for the 
specific surface area (Table 1), one notices 
that the specific surface area increases much 
more than the integrated absorbance of the 
surface hydroxyl groups. This means that 
building units other than tetrahedra are pres- 
ent on the surface of support III. 

These will most probably be alumi- 
num-oxygen octahedra. First, the two addi- 
tional aluminum surface hydroxyl groups 
can be explained by assumming additional 
oxygen ligands at the aluminum ion so that 
five- and six-coordinated aluminum surface 
ions are formed; second, the additional IR 
band from adsorbed CO at 2182.5 cm -f is 
close to that observed on five-coordinated, 
coordinatively unsaturated surface alumi- 
num cations on silica gel at 2170 cm -~ (30). 
Coordinatively unsaturated aluminum sur- 
face cations with a coordination number of 
four, which are Lewis acids and adsorb CO 
with IR bands at 2200 (2190) cm -1 (30), are 
observed on aluminum phosphates. Strong 
Lewis acids, which give a CO IR band at 
2228 cm-J assigned to CO on three-coordi- 
nated aluminum ions, are not observed on 
amorphous AIPO4. Such aluminum surface 
ions are, however, present on A1203/silica 
gel catalysts in large numbers and their ab- 
sence may be the cause of the poor catalytic 
activity of aluminum phosphates in hydro- 
carbon conversions (4). 

Coordination numbers higher than four 
are excluded for silicon in silica gel. One 
can therefore conclude that amorphous alu- 
minum phosphates not only have different 
surface hydroxyl groups compared to silica 
gel, but also are structurally different from 
silica gel on the atomic scale. 

The linear relation in Fig. 10 can be inter- 
preted as due to an electron drawing effect 
from the surface cation M, so that the O - H  
bond becomes weaker and more ionic with 
decreasing electron density on the oxygen 
atom. The latter conclusion means that the 
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dipole moment of the O - H  bond increases 
as well as, indirectly, the integrated inten- 
sity of  the O - H  stretching vibration. With 
the assumption that the same amounts of 
A1OH and POH groups are present on the 
surface of supports II and lII, we can derive 
from Fig. 11 a factor of  roughly 3 per 100 
cm-  1 for the increase in the integrated inten- 
sity versus the shift of the OH surface 
groups. Applying this correction we can de- 
duce that roughly 68, 30, and 2% (support 
I), 79, 18, and 3% (support II), and 71, 20, 
and 9% (support IIl) of  the aluminum sur- 
face atoms are present as four-, five-, and 
six-coordinated species, respectively. 
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