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A series of P/A1203 catalysts with phosphorus loadings in the range 0-7 wt% P has been 
investigated by infrared spectroscopy. After pretreatment at 700°C, four types of hydroxyls were 
resolved in the OH stretching region of the IR spectrum for 3,-alumina. Addition of phosphorus (as 
phosphoric acid) resulted in a reduction of all the different hydroxyls with the exception of the most 
basic, which increased to a maximum intensity at around 1 wt% P. A sharp band at 3676 cm -I due 
to P-OH groups was also easily resolved, and this band increased in intensity with increasing 
phosphorus content. A mechanism for the adsorption of phosphoric acid on alumina is proposed 
on the basis of these results, whereby the different alumina hydroxyls react with H3PO 4 preferentially 
depending on their basicity up to a critical surface concentration of around 10 x 10 I3 H3PO4 cm -2. 

Above this concentration H3PO 4 reacts not only with AI-OH groups but also with P-OH groups to 
form polyphosphate species. The intensity of the band due to the most basic alumina hydroxyls 
passed through a maximum since, at low phosphorus Ioadings, these sites may be generated by the 
reaction of H3PO4 with bridging and triply bridging alumina hydroxyls, but are not formed by this 
process at higher loadings. © 1991 Academic Press, Inc. 

INTRODUCTION 

Phosphorus  has been  r ecommended  as a 
secondary  p romote r  in C o - M o  and N i - M o  
hydroprocess ing catalysts  for many  years .  
Recently,  the mechanism of  phosphorus  
promot ion  has been  the subject of  many  in- 
vestigations in the literature. Even  so, many  
of  the fundamental  aspects  of  this quest ion 
remain unanswered.  Among  these is the 
mechanism of  interaction of  phosphor ic  acid 
with the y-alumina surface. On the basis of  
ammonia  tempera ture  p rog rammed  desorp-  
tion, Stanislaus et al. (1) proposed  a mecha-  
nism in which multiple bond format ion be- 
tween H3PO 4 and AI20 3 occurs  at low P 
content ,  but  individual surface hydroxyls  
react  at higher concentrat ions.  In contrast ,  
Morales et al. (2) proposed  the react ion of  
H3PO 4 with isolated basic alumina hydrox-  
yls at low concentrat ions,  fol lowed by  suc- 
cessive titration of  the more  acidic alumina 
hydroxyls .  Finally, at higher concentrat ions 
condensat ion be tween  adjacent  P - O H  

i To whom correspondence should be addressed. 

groups is p roposed  to occur.  The  different 
types  of  hydroxyls  on y-alumina can be dis- 
tinguished easily by  infrared spec t roscopy  
(3-5),  and it occurred  to us that investiga- 
tion of  the O H  stretching region of  P/AI20 3 
catalysts  would be a useful way  of  probing 
this adsorpt ion process .  There  have  been 
few studies of  this type in the literature. 
Mennour  et al. (6) character ized phos-  
phated  alumina for samples  containing low 
phosphorus  loadings (0-2 wt% P) by  infra- 
red spect roscopy.  Also, Busca  et al. (7) in- 
vest igated the hydroxyl  region for  H3PO4/ 
Al203 but  for  only one phosphorus  loading 
of 2.4 wt% P. Very  recent ly ,  van Veen et 
al. (8) investigated the adsorpt ion of  
(NH4)H2PO 4 on y-alumina and deduced that  
H2PO4 reacts  with the basic hydroxyl  
groups by  a ligand exchange mechanism.  In 
the present  work  the adsorpt ion of  H3PO 4 
on y-alumina is investigated for  phosphorus  
loadings of  0 -7  wt%. 

METHODS 

The preparat ion of  the y-a lumina has been  
described previously (9) and resulted in a 

465 

0021-9517/91 $3.00 
Copyright © 1991 by Academic Press, Inc. 

All fights of reproduction in any form reserved. 



466 LEWIS AND KYDD 

surface area of 198 m2g- 1. The P/AI203 sam- 
ples were prepared by impregnation of phos- 
phoric acid solutions onto y-alumina, using 
the minimum amount of water, to give 0-7 
wt% P. In each case the pH of the impreg- 
nating solution was adjusted to pH 2 by the 
addition of NH4OH solution, and the total 
volume of the impregnating solution was the 
same. After impregnation the sample was 
left to dry, first at room temperature over- 
night, and then at l l0°C overnight, before 
being calcined at 475°C for 4 h. 

The infrared spectra were recorded on a 
Nicolet 8000 FT-IR spectrometer, at 2 cm- 
resolution, using a liquid-nitrogen cooled 
InSb detector. Approximately 20 mg of cata- 
lyst was pressed into a self-supporting wafer 
and mounted in a cell for pretreatment. The 
cell design was such that four wafers could 
be treated simultaneously, and also, infra- 
red spectra could be recorded without con- 
tacting the catalyst wafers to the atmo- 
sphere. The pretreatment conditions were 
as follows: First the wafers were cleaned 
overnight under ½ atm. 02 at 600°C. They 
were then evacuated for 24 h at 700°C, 
whereupon a vacuum of <10 -5 Torr was 
achieved upon cooling. 

X-Ray diffraction powder patterns of the 
P / A i 2 0 3  catalysts were determined using a 
Norelco X-ray diffractometer with graphite 
monochromated FeK~ radiation. 

The catalyst testing was carded out in a 
stainless-steel continuous-flow microreac- 
tor operating at 400°C and under approxi- 
mately atmospheric pressure. The reactant 
(cumene or m-diisopropylbenzene) was 
contained in a presaturator at 20 -+ l°C. 
Briefly, the catalyst was activated at 500°C 
before being exposed to the appropriate re- 
actant in a sweep gas of He (cracking) or 
H E (hydrocracking) at 400°C. The effluent 
stream was analyzed by an on-line gas chro- 
matograph. A detailed description of the 
catalyst testing is given in Ref. (9). 

RESULTS AND DISCUSSION 

The IR spectra for catalysts containing 
0-5 wt% P are shown in Fig. 1. The OH 
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FIG. 1. FT-IR spectra of: (a) y-alumina; (b) 0.3 wt% 
P/A1203 ; (c) 1.0 wt% P/AlzO 3 ; (d) 3.0 wt% P/AI203 ; (e) 
5.0 wt% P/AI203 . Spectra were acquired after heating 
at 700°C in uacuo  and have been offset along the ab- 
sorbance axis for clarity. 

stretching region for y-alumina (Fig. l(a)) 
can be resolved into four bands centered 
at 3795, 3780, 3736, and 3697 cm -1. These 
values are in good agreement with those ob- 
served by Peri and coworkers (3, 4) when 
y-alumina is evacuated at 600-700°C. The 
different types of hydroxyls on alumina 
have been assigned by Knfzinger and Rat- 
nasamy (5). Figures 2(a-d) show the ideal- 
ized low Miller index planes for y-alumina, 
where the charge balance at the surface is 
maintained by hydroxide. The different 
types of OH groups are clearly demon- 
strated; OH may be bonded to either tetra- 
hedral or octahedral Al leading to Types Ia 
(3780 cm-l)  and Ib (3795 cm-1) hydroxyls, 
respectively. Alternatively, hydroxyl 
groups can bridge two A1 centers resulting 
in Types IIa and IIb hydroxyls, which are 
observed unresolved at 3736 cm -1 in Fig. 
1 (a). Finally, OH can be triply bridging with 
an observed v(OH) at 3697 cm-1. Absent 
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FIG. 2. Idealized low Miller index surface planes of y-alumina, where the charge balance at the surface 
is maintained by hydroxide: (a) A layer, parallel to the (111) plane; (b) B layer, parallel to the (111) 
plane; (c) C layer, parallel to the (110) plane; (d) D layer, parallel to the (110) plane. 

from Fig. 2 is the (100) plane, which in the 
ideal case would be a plane of Ib sites only. 
Since four, and possibly all five, of these 
OH types are observed in Fig. l(a) it seems 
probable that all five of these planes are 
present in our y-alumina sample. 

Inspection of the IR spectra of the 
P/A1203 samples (Figs. l(b-e)) shows a de- 
crease in the A1-OH band intensities with 
increasing P content, with the exception of 
the 3795 cm -1 band. This indicates that 
H3PO 4 reacts with all but the most basic 
Type Ib OH groups. In fact, the band due 
to Type Ib hydroxyls appears to increase in 
intensity up to I wt% P. Also apparent is a 
new band at 3676 cm-1, which has been 
assigned to P - O H  groups (6); this band in- 
creases in intensity with increasing H3PO 4 
content. Finally, for high loadings of H3PO4, 
a broad region at around 3250 cm-1 is ob- 
served, which becomes even broader for the 
7 wt% P sample (not shown), and suggests 
interaction between OH groups on the sur- 
face (either between P-(OH) and AI-(OH) 
or between neighboring P-(OH) groups). 

In order to gain more quantitative infor- 
mation on the reactivities of the different 
hydroxyls, the v(OH) regions of the spectra 
were curve-fitted for the five hydroxyl 
bands. A sample curve fit is given in Fig. 3 
for the catalyst containing 0.3 wt% P. The 
band areas, normalized with respect to sam- 
ple weight, were plotted against the surface 
H3PO 4 concentrations and are given in Figs. 
4(a-e). 
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FIG. 3. OH stretching region in the IR spectrum of 
0.3 wt% P/AI203 curve-fitted for five different hydroxyl 
bands. 
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FIG. 4. Effect of the surface concentration of phosphoric acid on the OH stretching region of  P/AI2Os 
samples: (a) 3795 cm -1 band (Ib sites); (b) 3780 cm -1 band (Ia sites); (c) 3736 cm -1 band (IIa and IIb 
sites); (d) 3697 cm -1 band (III sites); (e) 3676 cm -1 band ( P - O H  groups). Band areas are normalized 
with respect to sample weight. 

From the initial areas (i.e., in y-alumina) 
it appears that after the pretreatment proce- 
dure described above there is a far greater 
number of  Type III hydroxyls and Type II 
hydroxyls than either Type Ia or Ib. While 

the extinction coefficient is expected to in- 
crease with increasing acidity of  OH (10) 
(i.e., for the lower wavenumber hydroxyl 
bands), it seems unlikely that this would 
contribute a lO-fold difference in the band 
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areas. Therefore, it seems that the numbers 
of Types II and III OH groups on the surface 
are of the same order of magnitude, but 
there are fewer Ia sites by a factor of approx- 
imately 10, and still fewer Ib sites. The most 
basic hydroxyls (Ib most basic, then Ia) are 
expected to be lost most easily by dehydrox- 
ylation, and so it is perhaps not surprising 
that these are the least abundant OH groups 
after heating y-alumina at 700°C under vac- 
uum. Also, as discussed by Kn6zinger and 
Ratnasamy (5), dehydroxylation of the (111) 
plane (A and B layers, Figs. 2(a) and (b), 
respectively) may result in a situation where 
the more frequently occurring IIa and IIb 
sites predominate. However,  the large area 
of the Type III hydroxyl v(OH) band leads 
one to the suggestion that the (111) plane 
is preferentially exposed on the y-alumina 
surface. 

There are a number of features in Figs. 
4(a-e) which need to be explained by any 
adsorption mechanism. First, in the initial 
portion of the curves, the area of the band 
due to Ia OH groups (Fig. 4(b)) decreases 
more rapidly than the Type II sites (4(c)), 
which in turn decrease more rapidly than 
the Type III sites (4(d)). Second, at a surface 
concentration of about 10 x 1013 H3PO4 
cm -2 there follows a more gradual decrease 
in the areas of the latter two bands, while 
the band due to Type Ia OH groups has 
been removed completely. Similarly, for the 
P - O H  band at 3676 cm- 1 (Fig. 4(e)) there is 
an initial sharp increase in the area of this 
band with increasing P content, and a 
change in slope of this curve occurs at a 
surface concentration of about I0 × 1013 

H3PO 4 cm -2. Also, a sudden decrease in the 
integrated intensity of the P - O H  band at the 
highest phosphorus concentration is ob- 
served. Finally, the number of Type Ib hy- 
droxyls (3795 cm -1) increases to a maxi- 
mum value at around 10 × 1013 H3PO 4 c m  -2  

(1 wt% P) and then decreases again to 
around the original number at higher P load- 
ings (Fig. 4(a)). 

To explain the first of these observations, 
i.e., Type Ia reacting faster than Type II 

which react faster than Type III hydroxyls, 
it is necessary to consider the acid-base 
chemistry of the preparation procedure. 
y-alumina develops strong acidity only upon 
heat treatment above 470°C in a vacuum, 
and furthermore there is strong evidence 
that this acidity is due to the development 
of Lewis acid centers (not BrCnsted acid 
sites) through dehydroxylation (11). There- 
fore, it is reasonable to assume that during 
the preparation procedure, the aqueous 
phosphoric acid will protonate all types of 
alumina hydroxyls by an acid-base reaction: 

A1- O H  + H3PO 4 (aq.) 
/ 

H 

A1 - O (aq.) 

/ "" H . . . .  OP(O)(OH)  2 

Presumably water is lost either before or 
during the calcination process, resulting in 
the formation of AI -O-P  bonds and in the 
elimination of the bands associated with the 
O - H  stretching vibration of these groups. 
Clearly the most basic hydroxyls of alumina 
would be expected to react preferentially 
with phosphoric acid and hence one would 
expect Types Ia and Ib to react more quickly 
than Types II and III. This explains the 
slopes of the curves in the initial portion of 
Figs. 4(b-d); the unusual behavior of the 
intensity of the Type Ib hydroxyls as phos- 
phoric acid is added (Fig. 4(a)) is discussed 
later. While this order of reactivity is not 
surprising, it is worth noting that it is not the 
same as that found for ( N H 4 ) H z P O 4 ;  v a n  

Veen et al. (8) found that the HzPO4 ion did 
not adsorb on the basic hydroxyl groups. 

At phosphoric acid surface concentra- 
tions above 10 × 1013 H 3 P O  4 c m  -z  the alu- 
mina hydroxyl groups start to react more 
slowly, as reflected in the change in slope of 
Figs. 4(c) and (d) (and (b)). This shape of 
curve was also observed for the addition of 
MoO3 or SO z- to alumina (12) and was ex- 
plained in terms of the formation of polymo- 
lybdate species in the former case. We pro- 
pose therefore that at concentrations above 
I0 × 1013 H 3 P O  4 c m  -2  phosphoric acid re- 
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acts with P-OH groups on the alumina sur- 
face in addition to AI-OH groups. Thus 
polyphosphate species are expected to be 
formed on the alumina surface. There is 
some evidence in support of this in the litera- 
ture. Cordero et al. (13) observed excellent 
phosphorus dispersion for samples con- 
taining up to 0.9 wt% P (9.2 x 1013 phos- 
phate species cm -2) which then decreased 
at higher loadings, due to the formation of 
phosphate multilayers. 

Consistent with this model is the shape of 
the P-OH band area-concentration curve 
(Fig. 4(e)). Up to I0 x 1013 HaPO 4 cm -2 the 
area of the P-OH band increases rapidly, 
which is expected since for every AI-OH 
which reacts with phosphoric acid two 
P-OH groups are formed. However, above 
this surface concentration phosphoric acid 
reacts with some P-OH groups, in addition 
to AI-0H,  and the rate of increase in the 
P - 0 H  band area becomes less. At still 
higher phosphorus loadings (>51 × 1013 
H3PO 4 cm -2 (5 wt% P)) a sudden drop in 
the P-OH band intensity occurs, possibly 
signifying a surface phase change to A1PO4. 
Indeed, XRD patterns of the catalysts re- 
sembled that of y-alumina for samples con- 
taining low loadings of phosphoric acid, but 
at high loadings of phosphorus (5 and 7 wt% 
P samples) there is an additional, very broad 
peak near 20 = 27 ° (possibly the 111 diffrac- 
tion peak of A1PO4), which is consistent 
with the presence of AIPO 4 . Furthermore, 
van Veen et al. (8) observed the formation 
of an AIPO4-type phase at above 4.5 wt% P, 
as evidenced by solid-state NMR spectra of 
calcined P/AI203 samples. 

The effect of phosphoric acid on the band 
at 3795 cm-1 (Ib OH groups) is quite differ- 
ent to that on the other alumina surface OH 
groups. According to our proposed mecha- 
nism this hydroxyl should have greater reac- 
tivity than the more acidic OH groups, for 
example Types II and III. However, the 
number of Ib sites first increases and then 
decreases and, furthermore, over and above 
this effect the Ib sites do not appear to react 
with HaPO 4 at all. The apparent increase in 

the number of these sites may be explained 
by inspection of Fig. 2(b). Reaction of a 
Type IIb or Type III site with phosphoric 
acid may result in the formation of Ib sites 
at low loadings of phosphorus by: 

H 
O 

+ H3PO 4 + H20 

O 
II 

OH O-P(OH) 2 

' 6 + H3 O÷ 

Similarly, reaction of Type IIa with phos- 
phoric acid (Fig. 2(a)) will tend to generate 
Ib sites (rather than Ia) since the "tetrahe- 
dral Al" Lewis center generated is stronger 
than the "octahedral Al" center and will 
therefore react preferentially with the 
H2PO 4 ion. At higher loadings of H3PO 4 
these reactions will occur to a lesser extent 
since first, both Al centers may react with 
phosphoric acid thus leading to a decrease 
in the number of Ib sites, and second, phos- 
phoric acid starts to react with P(OH) 
groups on the surface in addition to AI(OH) 
groups. The fact that above around 30 x 
l013 H3PO 4 cm -2 the number of Ib sites ap- 
pears to remain constant is difficult to ex- 
plain. Possibly steric factors come into play 
at these high loadings, so that it is more favor- 
able for H3PO 4 to react with P(OH) groups 
than certain AI(OH) groups. Alternatively, 
an equilibrium situation may have arisen 
such that Ib sites do react but they are also 
formed from the reactions described above. 

It should be noted that Peri (14) observed 
a very intense band at 3800 cm- ~ in an AIPO 4 
aerogel after drying at 600°C which he as- 
signed to OH groups bonded to tetrahedral 
aluminum. At high loadings, such OH 
groups could contribute to the residual in- 
tensity seen in our spectra at 3795 cm- 1 (see 
Fig. 4(a)). (Recall that at high surface con- 
centrations of HaPO4 a surface AIPO 4 phase 
starts to form.) However, there are many 
different aluminum orthophosphates, and 
Mennour et al. (6) observed no bands at all 
in this region for a commercial, anhydrous 
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AIPO4 sample. Clearly, the type of AIPO4 
phase formed on the surface of the P/AI203 
samples will have a strong influence on the 
intensity of the band at 3795 cm- 1. In view 
of the relative intensities of the AI-OH and 
P -OH bands in our samples containing high 
loadings of phosphorus, we conclude that 
the AIPO 4 surface phase contains few OH 
groups attached to tetrahedral aluminum. 

Some catalytic studies were performed to 
assess the surface acidity of the HaPO4/ 
AI203 surfaces. Three reactions were stud- 
ied, cumene hydrocracking and 1,3-diiso- 
propylbenzene cracking and hydrocracking. 
Cumene is a common probe reaction to as- 
sess Br¢nsted acidity since it is cracked to 
benzene in the presence of these acid sites. 
1,3-diisopropylbenzene was chosen since it 
is cracked more easily (to cumene) than cu- 
mene is to benzene. For all of the P/AI203 
catalysts the amount of cracking in these 
reactions was low, indicating that any 
BrCnsted acidity developed by the addition 
of H3PO 4 to Al203 is too weak to crack cu- 
mene or 1,3-diisopropylbenzene to any 
great extent. However, some small differ- 
ences were observed and some tentative 
conclusions can be drawn from the results; 
low P loadings leave the surface acidity of 
y-alumina unchanged or possibly increase it 
slightly, while high P loadings decrease the 
acidity by a small amount. Since the effect 
of phosphorus on surface acidity is so small, 
this is clearly not the major role of P as a 
secondary promotor in Co-Mo and Ni-Mo 
catalysts. 

CONCLUSIONS 

Inspection of the OH stretching region of 
the infrared spectra of the P/A120 3 catalysts 
gives rise to the following conclusions re- 
garding the mechanism for the reaction of 
H3PO 4 with y-alumina: (1) Phosphoric acid 
reacts with the alumina hydroxyls in an 
acid-base reaction during the impregnation 
process; the most basic hydroxyls are ex- 
pected to react in preference. (2) At higher 
phosphorus loadings (>10 × 1013 H3PO 4 
cm -2) phosphoric acid reacts not only with 

surface AI-OH but also with P - O H  groups 
to form polyphosphate surface species. (3) 
Above 51 x 1013 H3PO 4 cm -2 an AIPO4- 
type surface phase starts to form. (4) Ib sites 
are generated at low phosphorus content by 
the reaction of HaPO 4 with Types II and 
III hydroxyls. Catalytic studies indicate that 
any BrCnsted acidity that may be developed 
by the addition of H3PO 4 to y-alumina is too 
weak to crack cumene or 1,3-diisopro- 
pylbenzene to any great extent. There is 
some indication, however, that phosphorus 
may increase the acidity at low loadings and 
decrease the acidity at higher loadings. 
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