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Pyridine adsorption was used to study the acidic properties of silica doped with the following
cations: Sc**, Mg?*, Fe**, Fe¥*, Zn**, AI**, and Ga**. All samples were exposed to pyridine at 423
K and subsequently evacuated at successively higher temperatures to 723 K. Infrared spectra of
the adsorbed pyridine indicated that all of these cations generated Lewis acid sites. This can be
explained by the presence of coordinatively unsaturated dopant cations on the surface of silica, in
accord with a model based on Pauling’s electrostatic bond strength rules. The infrared frequency of
the 19b band of pyridine adsorbed on these Lewis acid sites was found to increase with increasing
electronegativity of the dopant cation. It is suggested that both of these quantities are related to the
strength of the Lewis acid sites. Brgnsted acid sites were also observed by infrared spectroscopy
for Sc3*, AP+, and Ga’* on silica. These dopant cations are believed to be bonded tetrahedrally on
the surface of silica, generating bridging hydroxyl groups between the dopant cation and Si**. As
for zeolite catalysts, the proton associated with these groups and required for charge neutrality is
the Brgnsted acid site. Finally, Brgnsted acid sites can also be generated on silica by highly electro-

negative anions, such as HPO;™,
© 1987 Academic Press. Inc.

INTRODUCTION

Metal oxide catalysts are of importance
for a number of industrial processes, such
as catalytic cracking, partial oxidation, and
dehydration (J-3). In general, the catalytic
properties of this class of materials can be
expected to be influenced by the number,
type, and strength of the acid sites on the
surface. For example, very weak acid sites
may not be active catalytically while very
strong acid sites may lead to excessive
cracking and carbon deposition. In addi-
tion, the catalytic properties of Brgnsted
acid sites (proton donors) may well be dif-
ferent from those of Lewis acid sites (elec-
tron pair acceptors). For example, it has
been suggested that Brgnsted acids are
much more active than Lewis acids for
skeletal transformations of hydrocarbons
(3). It 1s thus of importance to understand
the factors that determine the strength and

! Present address: 3M Center, St. Paul, MN 55144.
2 Author to whom correspondence should be ad-
dressed.

which generate Brgnsted acidity in a different manner.

type of acid sites on metal oxide catalysts;
this is the objective of the present study of
silica-supported metal oxides.

Lewis acid sites have been observed on a
wide variety of mixed metal-oxide systems
(4-16); in contrast, Brgnsted acid sites
have been observed on a limited number of
mixed metal oxides, perhaps the best exam-
ple being that of silica—alumina catalysts (3,
4, 1I). Similarly, Lewis acid sites have
been detected on a number of single-com-
ponent metal oxides (/7-33), whereas
Br¢nsted acid sites have not to our knowl-
edge been found on pure oxides free of ad-
ditives such as P, Cl, and S. The results of
the present paper explain these observa-
tions, and a model is presented that ex-
plains the type of the acid site and the rela-
tive strength of the Lewis acid sites on a
series of silica-supported metal oxides. In
short, this model involves the electronega-
tivity and coordination of the metal cations
on the silica surface.

Although there have been many previous
studies of the acidity of mixed-metal ox-
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ides, there have been few systematic stud-
ies on a series of related materials. In addi-
tion, the nature of acidity is such that its
definition is related to the methods used to
measure it. Hence, it was felt necessary to
conduct a systematic study on a series of
model materials to understand the acidic
properties of these materials. It was shown
in previous papers in this series (34, 35)
that the surface of silica is well suited for
supporting unsaturated cations. In addi-
tion, silica alone has little to no acidity, and
changes in acidity can be observed and can
be attributed to the added, second compo-
nent.

The materials used in this study are in the
regime of dilute binary oxides; i.e., they
each contain two components with the ma-
jor component controlling the structure. In
addition, the minor oxide component is ex-
pected to be located near the surface, since
these materials were prepared by impregna-
tion of this component onto the silica sur-
face (34). Hence, these materials can be
used to model in an approximate manner
the interaction of individual cations with a
host oxide structure. One would assume
that these types of sites might also occur on
the surface of true binary oxides, which will
in general have a different bulk structure.

The dopant metal cations chosen for
study were Sc, Mg, Fe, Zn, Al, Ga, and P.
The number of acid sites formed by deposit-
ing these oxides on silica was determined
by gravimetric measurements of pyridine
adsorption. The type and strength of the
acid sites were monitored through analysis
of infrared spectra of adsorbed pyridine.

EXPERIMENTAL
Sample Preparation

All samples were prepared by incipient
wetness impregnation utilizing 1 ml of solu-
tion per gram of Si0,. The silica (Cab-O-Sil
grade S-17) was X-ray amorphous with a
surface area of 400 m¥g. All metal-doped
samples (Sc, Mg, Fe, Zn, Al, and Ga) were
prepared using nitrate salts followed by
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heating in air at 400 K. The samples were
then treated in H; at 723 K for 4 h (except
for Fe at 673 K) followed by oxidation in O,
at 723 K (except for Fe at 423 K). The sam-
ple containing P was prepared with a (NH,)
H,PO, solution and only subjected to oxida-
tion at 723 K. The samples were chemically
analyzed by Galbraith Laboratories to de-
termine the actual loadings. These loadings
along with the electronegativities and sizes
of the cations are listed in Table 1. It should
be noted that P,Os should have a vapor
pressure of 760 Torr at 575 K, and if this
bulk phase were present it would have vola-
tilized under the oxidation treatment. The
loading of P, however, was within error of
the added amount during impregnation, in-
dicating that the phosphorous oxide was
stabilized on the SiO, surface.

Experimental Procedure

The acidic properties of these mixed ox-
ides were studied using pyridine adsorp-

TABLE 1

Summary of Properties of the Dopants Used on SiO,

Dopant Loading® EN¢ CNe Sized
(pm)
S+ 18.4 3.02 6 68¢
Mg?* 14.2 3.22 4 71
6 86
Fe?+ 14.0 3.33 4 77
6 92
Fe3* 14.0 3.62 4 63
6 78.5
AP+ 14.5 3.72 4 53
6 67.5
Zn** 12.0 3.85 4 74
6 88
Ga3* 12.3 4.30 4 61
6 76
P+ 13.6 4.59 4 31
6 52
Si0, 800 4.14 4 40
6 54

2 Loading in units of cations/m? x 1016,

% Sanderson electronegativity of the oxide (36).
¢ Coordination number.

4 From Ref. (37).

¢ From Ref (38).
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tion. The number of acid sites was deter-
mined using gravimetric adsorption
measurements. The type of the site (Lewis
versus Brgnsted) and site strength distribu-
tion were probed using infrared spectros-
copy of adsorbed pyridine. The pyridine
used in these experiments was Mallen-
drockt Spectrophotometric grade. It was
stored over activated 3A molecular sieve
and degassed with the freeze—pump-thaw
technique.

The sample treatments employed in this
study (and described in the following two
sections) were chosen to ensure a consis-
tent state of surface dehydration and incor-
poration of the dopant cations into the silica
surface. This procedure was developed in
study of iron deposited onto silica, where
Mossbauer spectroscopy could be used to
monitor the state of iron on the surface
(34); and, for consistency, we have used
the same treatments for all samples.

Since the highest treatment temperature
used in this study was 773 K, one would
expect there to be a large number of hy-
droxyl groups on the silica surface that may
react with the dopant cations to form vari-
ous types of acidic sites. As mentioned ear-
lier, acidity is defined by the process used
to measure it. For the purpose of this study,
the number of acid sites is the number of
sites that are capable of irreversibly adsorb-
ing pyridine at 423 K. Whether the sites are
Brgnsted or Lewis depends on the infrared
spectrum of this irreversibly adsorbed pyri-
dine at this temperature. Note that acidity
was not measured or defined at lower tem-
peratures where a large amount of weakly
adsorbed pyridine is present.

Gravimetric Adsorption Measurements

The gravimetric adsorption measure-
ments of pyridine were accomplished using
a quartz-spring balance (Worden). The
spring was suspended in a Pyrex tube that
was water jacketed to maintain a constant
temperature. The sample (typically 400 mg
in weight) was pressed into a pellet for ease
of handling and was placed into a quartz
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pan which was suspended from the quartz
spring in a Pyrex section. This section had a
furnace surrounding it to carry out temper-
ature treatments. The top of the water-jack-
eted chamber was connected to a diffusion-
pumped vacuum system. A 13X molecular
sieve trap held at 77 K was also connected
to the system near the sample to aid in the
evacuation of pyridine from the system.

Prior to pyridine adsorption measure-
ments, the samples were reduced in flowing
H, at 723 K for 4 h, evacuated, and oxi-
dized at 723 K in flowing O, for another 4 h.
The sample was next evacuated until a
pressure of 5 X 107° Torr was achieved, as
measured with an ionization gauge close to
the inlet to the diffusion pump. The sample
was then cooled to 423 K in a dynamic vac-
uum and equilibrated with pyridine at 4.8
Torr (which is the vapor pressure of pyri-
dine at 273 K). The equilibration was car-
ried out for 1 h, even though the sample
weight became constant after 0.3 h. The
sample was then evacuated at 423 K until
the pressure of pyridine was below 3 x 1073
Torr. This pressure was achieved in 5 h, but
evacuation was carried out overnight to en-
sure complete desorption of physisorbed
pyridine.

The maximum number of acid sites was
taken from the sample weight gain upon ad-
sorption and subsequent evacuation of
pyridine at 423 K. The sample temperature
was then raised sequentially to 523, 623,
and 723 K, with evacuation at each temper-
ature to a pressure of 3 X 107 Torr or 1 h,
whichever took longer. These data probe
the acid strength distribution.

Infrared Spectroscopy

Infrared spectra of adsorbed pyridine
were collected with a Nicolet 7199 Fourier
transform infrared spectrometer. The sam-
ple was pressed into a pellet and placed in a
cell in which the sample could be moved
from a Pyrex section where heat treatments
occurred, to an aluminum section with
CaF, windows for collection of spectra.
The sample treatments, exposure to pyri-



288

dine, and evacuations were identical to the
gravimetric adsorption measurements de-
scribed above. The only difference was that
the pressure achieved during evacuation of
pyridine was typically 2 X 10~* Torr. In
addition, a spectrum was collected for each
sample in a pyridine pressure of ca. 1 X
1073 Torr to illustrate the position of the
bands due to physisorbed pyridine.

All infrared spectra were collected at
room temperature. Purified He was used in
the cell to act as a heat transfer medium to
facilitate the cooling and heating of the
samples. All spectra reported have had the
spectrum of the sample, after treatment but
prior to pyridine adsorption, subtracted
from the obtained spectra.

The assignments of the infrared bands
are in concert with the well-established cor-
relation between the band positions and the
type of interaction between the pyridine
and the sites on which it is adsorbed. The
original work with pyridine adsorbed on
solid acids was done by Parry (39). A com-
pilation of the various band assignments
with this technique has been given by Pi-
chat et al. (40). The band assignments are
from the original work on liquid pyridine by
Kline and Turkevich (4/). Liquid pyridine,
pyridine hydrogen-bonded to a surface,
chemisorbed to a Lewis acid site, and
chemisorbed to a Brgnsted acid site all
show distinctly different regions of absorp-
tion in the infrared.

RESULTS

The results of the gravimetric adsorption
measurements of pyridine for all the sam-
ples are summarized in Fig. 1. Each system
will be discussed separately with reference
to this composite figure.

Silica. Silica without any added cations
adsorbs little to no pyridine. The weight
change measurement is barely within the
limit of detectability. It should be noted that
this is the amount of chemisorption at a
pressure of pyridine of 3 x 1073 Torr. The
amount of pyridine chemisorbed at 423 K at
this pressure is only 2% of the total amount
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F1G. 1. Results of gravimetric adsorption measure-
ments for pyridine adsorbed on (X) Zn/SiO,; (@) Ga/
Si0,; (O) Fe3*/Si0,, Ref. (34); (A) Al/SIO,; () Fe?*/
Si0,, Ref. (34); (V) Sc/Si0;; (¢) Mg/Si0,; (+)
P/Si0O,; (O) Si0,, Ref. (34).

adsorbed at 423 K at a pyridine pressure of
4.8 Torr. This illustrates the large amount
of physisorbed pyridine present on the sur-
face when there is an appreciable amount of
pyridine in the gas phase. The infrared
spectra of pyridine adsorbed on SiO,
treated in this manner have been shown
elsewhere (34). Only physisorbed pyridine
was observed. The pyridine had major ad-
sorption bands at 1597 and 1446 cm~!.
Scandium on silica. The least electroneg-
ative dopant used in this study was scan-
dium. The Sc/SiO, sample was analyzed to
have a loading of 0.55 wt% Sc, which corre-
sponds to 18.4 X 10 cations/m?. Gravimet-
ric adsorption measurements of pyridine
are shown in Fig. 1. The scandium adds
new acid sites on the SiO, surface. In terms
of the adsorption at 423 K, 26% of the Sc
produced new acid sites on the surface.
The results of infrared spectroscopy
studies of pyridine on Sc/Si0O, are tabulated
in Table 2. The spectra show the presence
of Brgnsted and Lewis acid sites, as well as
physisorbed or hydrogen-bonded pyridine
(HPY). The first spectrum, collected after
desorption of pyridine at 423 K to a pres-
sure of 1 X 1073 Torr, contained bands for
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TABLE 2

Infrared Absorption Frequencies for Spectra of
Pyridine Adsorbed on 0.55 wt% Sc/SiO; Shown in

Figure 2
Type Band Evacuation temperature (K); pressure (Torr)
423; 423; §23: 623, 723,
[Xx 1073 2x 107% 1 x10°% 1x107% [ x 0%

LPY 19b 1447 1448 1450 1450 1451

19a 1492 1492 1492 1493 1494

8b 1577 1577 1577 1576

8a 1609 1610 1612 1612 1612
BPY 19b 1549 1547

19a 1492 1452 1492

8b 1577 1577

8a 1639 1639 1640
HPY 19b 1447

19a 1492

8b 1577

8a 1597

Note. LPY = Lewis pyridine; BPY = Brgasted pyridine; HPY =
physisorbed or hydrogen-bonded pyridine.

all three types of sites. Evacuation at the
same temperature of 423 K to a pressure of
2 X 107* Torr led to the loss of the physi-
sorbed or hydrogen-bonded pyridine 8a
band at 1597 cm~! and the 19b band at 1447
cm~!. This spectrum is shown in Fig. 2A.
The 8a bands for the Lewis-bonded pyri-
dine (LPY) remained at 1610 and 1448 cm™!
and the bands for the Brgnsted-bonded
pyridine (BPY) remained at 1639 and 1547
cm~!. Desorption of the pyridine at 523 K,
shown in Fig. 2B, removed the bands for
the Brgnsted sites and shifted the 8a band
for the Lewis sites to 1612 cm™! and the 19b
band to 1450 cm~!. Further evacuation de-
creased the intensity and eventually re-
moved the bands due to the Lewis acid
sites.

In summary, Lewis and Brgnsted sites
were observed for Sc¢/Si0,. The number of
acid sites is low compared to the other sam-
ples studied but it is a significant fraction of
the Sc atoms.

Magnesium on silica. Magnesium is also
a cation with low electronegativity. The
acidity of Mg/SiO; has been studied previ-
ously (6, 42). The conclusions have been
that Mg produces acid sites of intermediate
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F1G. 2. Room temperature infrared spectra of pyri-
dine adsorbed on (A) Sc/Si0,, pyridine desorbed at
423 K, 2 x 10~* Torr; (B) Sc/Si0,, pyridine desorbed
at 523 K, 1 x 107* Torr; (C) Ga/SiO,, pyridine de-
sorbed at 423 K, 2 x 10~* Torr; (D) Ga/SiO,, pyridine
desorbed at 523 K, 1 X 107* Torr; (E) P/SiO,, pyridine
desorbed at 423 K, 2 x 10~ Torr; (F) P/SiO,, pyridine
desorbed at 523 K, 2 x 10-* Torr.

strength. The loading of the Mg on the sam-
ple used in the present study was 0.23 wt%,
which corresponds to 14.2 x 10'¢ cations/
m?. Results of the gravimetric adsorption
measurements are given in Fig. 1. The ex-
tent of pyridine adsorption at 423 K corre-
sponds to 23% of the Mg cations. Thus Mg
creates essentially the same number of new
acid sites on silica as did Sc.

Pyridine absorption bands in the infrared
are shown in Fig. 3 and Table 3 for the Mg/
SiO, sample. Spectrum A shows the 8a
band at 1610 cm™! and a 19b band at 1448
cm™! of a Lewis site along with the weakly
bonded HPY band on silica at 1598 and
1448 cm~!. Evacuation at 423 K to 2 x 107
Torr yields Spectrum B in which most of
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FiG. 3. Room temperature infrared spectra of pyri-
dine adsorbed on 0.23 wt% Mg/SiO, after evacuation
of (AY423 K, 1 x 1073 Torr; (B) 423 K, 2 X 1074 Torr;
(C) 523 K, 2 x 10~* Torr; (D) 623 K, 1 x 10~* Torr;
(E) 723 K, 1 x 1074 Torr.

the physisorbed pyridine has desorbed from
the surface. As the desorption continues at
higher temperatures, the 8a band shifts up-
ward to a maximum of 1612 cm~! and the
19b band shifts to 1450 cm~'. There is no
evidence for Brgnsted acid sites on Mg/
Si0,. This series of spectra illustrates a
general trend for spectra for pyridine ad-
sorbed on Lewis acid sites. The presence of

TABLE 3

Infrared Absorption Frequencies for Spectra of
Pyridine Adsorbed on 0.23 wt% Mg/SiO; Shown in

Figure 3
Type  Band Evacuation temperature (K); pressure (Torr)
423; 423; 523, 623; 723;
1x1073 2x 1074 2x107* 1x107* 1x 1074

LPY 19b 1448 1450 1450 1450 1450

19a 1493 1493 1493 1493 1493

8b 1577 1577 1576

8a 1610 1611 1612 1612 1612
HPY 19b 1448

19a 1493

8b 1577

8a 1598 1600sh

Note. LPY = Lewis pyridine; HPY = physisorbed or hydrogen-
bonded pyridine; sh = shoulder.
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physisorbed pyridine is seen in Spectrum
3A. Evacuation at 423 K to a lower pres-
sure confirms the assignment of the 1597-
cm~! band to physisorbed pyridine (Spec-
trum 3B). Upon continued evacuation at
higher temperatures (Spectra 3C-3E), the
Lewis acid bands decrease in intensity with
a minor upward shift in the wavenumber of
the absorption peaks.

Iron on silica. The results for both Fe?*
and Fe?* on silica were presented in a pre-
vious paper (34). The data for the gravimet-
ric adsorption measurements are repro-
duced in Fig. 1. The loading of Fe is 0.52
wt%, which corresponds to 14.0 x 106 cat-
ions/m?. Thus, at 423 K, 50% of the Fe at-
oms adsorb pyridine molecules. This is a
higher fraction than either Mg or Sc on
SiO,.

Infrared spectroscopy showed evidence
for only Lewis acid sites on Fe/SiO,. The
absorption bands on Fe?* and Fe3* were
observed to be at different frequencies. For
divalent Fe, the 8a and 19b bands occurred
at 1610 and 1451 cm™!. These bands were
observed after evacuation at 523 K to a
pressure of 2 X 10~ Torr. For trivalent Fe,
the 8a and 19b bands occurred at 1613 and
1453 cm™! after evacuation at 523 K to a
pressure of 1 X 107 Torr.

Aluminum on silica. Silica—alumina with
SiO; being the major component, is a clas-
sic acid catalyst. It has been shown to
have strong acidity with the presence of
both Lewis and Brgnsted acid sites (3, 11,
43).

Alumina has an intermediate electroneg-
ativity of the dopants used in this study.
The loading of Al on SiO; in the present
study was 0.26 wt%, which corresponds to
14.5 x 106 cations/m?. The adsorption of
pyridine on Al/SiO; is illustrated in Fig. 1.
There is a large amount of pyridine that re-
mains adsorbed after evacuation at 723 K,
corresponding to strong acid sites. The
amount of pyridine adsorption at 423 K is
equivalent to 53% of the Al atoms, essen-
tially the same fraction as for iron.

The existence of both Lewis and
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Brgnsted acid sites on Al/SiO, is demon-
strated by the infrared data shown in Fig. 4
and Table 4. Spectrum A shows bands for
three distinct pyridine adsorption sites. The
first set of bands is due to physisorbed or
hydrogen-bonded pyridine on SiO; with an
8a absorption at 1597 cm™! and a 19b ab-
sorption at 1446 cm~!. The second set of
bands is due to Lewis sites (LPY) on Al
with the 8a band at 1624 cm™! and the 19b
band at 1456 cm™!. The third set of bands is
due to Brgnsted sites (BPY) with the 8a
band at 1640 cm~! and the 19b band at 1548
cm~!. Note that the intensity of the 19a
band at 1492 cm™! is high in relation to the
other spectra shown in this paper which
contain only Lewis acid sites.

Desorption of pyridine, as seen in Spec-
tra B-E, indicates that the physisorbed
pyridine desorbs first, followed by pyridine
on the Brgnsted acid sites, and finally by
pyridine on the Lewis acid sites. Note that
there is an intense Lewis acid peak after
desorption at 723 K, indicating that there
are strong sites. There is also a splitting of
the 19a band near 1490 cm ™! at the higher
evacuation temperatures. The two distinct
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F1G. 4. Room temperature infrared spectra of pyri-
dine adsorbed on 0.26 wt% Al/SiO;, after evacuation at
(A)423 K, 1 x 1073 Torr; (B) 423 K, 2 x 10~ Torr; (C)
523K, 1 x 10~* Torr; (D) 623 K, 1 X 104 Torr; (E) 723
K, 1 x 107* Torr.
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TABLE 4

Infrared Absorption Frequencies for Spectra of
Pyridine Adsorbed on 0.26 wt% Al/SiO, Shown in

Figure 4
Type Band Evacuation temperature (K); pressure (Torr}
423; 423; 523, 623 723;
1 %1070 2% 107 1 x 107 1 x 107* | x 107¢
LPY 19b 1456 1456 1456 1456 1457
19a 1492 1492 1496sh 1497 1497
8b 1578 1578 1578 1578 1577
8a 1624 1624 1624 1625 1625
BPY 19b 1548 1547 1549
19a 1492 1492 1492 1492 1492
8b 1578 1578 1578
8a 1640 1639 1639
HPY 19b 1446 1446sh 1446sh
19a 1492 1492
8b 1578 1578
8a 1597 1597 1598

Note. LPY = Lewis pyridine; BPY = Brgnsted pyridine; HPY =
physisorbed or hydrogen-bonded pyridine; sh = shoulder.

peaks are evidence that the 19a band for
Brgnsted and Lewis acid sites are not at the
same frequency. The Lewis band is at 1497
cm~! and the Brgnsted band is at 1492
cm™'.

Zinc on silica. Zinc oxide has an electro-
negativity slightly higher than that of
AlLO;. The Zn/SiO, sample prepared was
analyzed to have a loading of 0.52 wt%,
which corresponds to 12.0 x 106 cations/
m2.

Pyridine adsorption data from the quartz-
spring balance are depicted in Fig. 1. The
adsorption at 423 K is high relative to the
other dopants. This amount of adsorption
corresponds to 88% of the added cations on
the surface of SiO,. Pyridine desorption is
essentially complete at the 723 K evacua-
tion.

Infrared spectroscopy indicated that all
of the acid sites on Zn/SiO, were of the
Lewis type. The absorption frequencies are
listed in Table 5. In short, the spectra had
the same qualitative features for pyridine
adsorbed on Lewis acid sites and physi-
sorbed pyridine as presented in Fig. 3 for
Mg/SiO;. The 8a band for chemisorbed
pyridine was at 1611 cm~! and the 19b band
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TABLE 5

Infrared Absorption Frequencies for Spectra of
Pyridine Adsorbed on 0.52 wt% Zn/SiO,

Type Band Evacuation temperature (K); pressure (Torr)
423; 423; 523; 623; 723;
7x 1074 2x 1074 2x107* 1 x 107 1 x 107¢
LPY 19b 1453 1453 1454 1455 1454
19a 1491 1491 1491 1492 1492
8b 1578 1578 1578 1578 1578
8a 161t 1611 1614 1614 1614
HPY 19b 1446sh 1446sh
19a 1491 1491
8b 1578 1578
8a 1598 1598sh

Note. LPY = Lewis pyridine; HPY = physisorbed or hydrogen-
bonded pyridine; sh = shoulder.

was at 1453 cm~!. Desorption of pyridine
led to an upward shift in the peak maxima
to 1614 and 1454 cm™! after evacuation at
723 K.

Gallium on silica. Gallium oxide is a
highly electronegative compound. A load-
ing of 0.57 wt% was measured for the Ga/
SiO, sample, which corresponds to 12.3 X
106 cations/m?. Pyridine adsorption results
are depicted in Fig. 1. The amount of ad-
sorption at 423 K corresponds to 67% of the
added Ga atoms. The curve approaches
zero at 723 K, in contrast to Al for which
pyridine remains adsorbed after evacuation
at 723 K.

As with Al and Sc, the infrared spectra
showed evidence for both Lewis and Brgn-
sted acid sites, as shown in Figs. 2C and
2D and Table 6. A spectrum collected after
pyridine exposure and evacuation at 423 K
to a pressure of 7 X 10~* Torr showed ab-
sorption bands for Lewis acid sites at 1623
cm~! for the 8a band and 1459 cm™! for the
19b band. Brgnsted acid sites gave rise to
bands at 1640 and 1548 cm™! and the physi-
sorbed pyridine appeared at 1597 and 1446
cm~!. Desorption of the physisorbed pyri-
dine at 423 K to a pressure of 2 X 1074 Torr
did not alter the Lewis or the Brgnsted acid
bands. This spectrum is shown in Fig. 2C.
Desorption at 523 K reduced the intensities
of the peaks due to the Brgnsted sites, as
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TABLE 6

Infrared Absorption Frequencies for Spectra of
Pyridine Adsorbed on 0.57 wt% Ga/SiO, Shown in

Figure 2
Type Band Evacuation temperature (K); pressure (Torr)
423; 423; 523; 623; 723,
8x 1074 2x 107 1 x 107 1 x 107 1 x107*
LPY 19b 1459 1459 1459 1459 1459
19a 1493 1493 1495 1495 1495
8b 1579 1579 1580 1580 1579
8a 1623 1623 1623 1623 1623
BPY 19b 1548 1548 1549
19a 1493 1493
8b 1579 1579 1580
8a 1640 1640 1639
HPY 19b 1446 1446sh
192 1493
8b 1579
8a 1597 1597 1596

Note. LPY = Lewis pyridine; BPY = Brgnsted pyridine; HPY =
physisorbed or hydrogen-bonded pyridine; sh = shoulder.

seen in Fig. 2D. Evacuation at higher tem-
peratures removed the Lewis acid bands.
Note that the 19a band at 1493 cm™! is
broad when both types are present, and
shifts to a higher frequency when only the
Lewis acid bands are present. This is the
same behavior as observed for the Al/SiO,
sample.

Phosphorus on silica. Phosphorus was
the final dopant used in this study. Phos-
phorus is a highly electronegative cation in
the pentavalent state. The sample was pre-
pared using incipient wetness with (NH4)H,
PO,. After preparation, the sample was
treated in O, to keep the P fully oxidized.
Thus there was no possibility of forming
any reduced phosphorus compounds such
as red phosphorus or phosphine (PH;). The
final phosphorus loading was 0.28 wt%,
corresponding to 13.6 X 10'® cations/m?.

The extent of pyridine adsorption on P/
Si0, is shown in Fig. 1. As can be seen,
there is little adsorption of pyridine on the
P/SiO, system above that observed on SiO»
alone. The changes observed are barely
within experimental error. The number of
new acid sites attributable to P is less than
3% of the added P.
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The small number of acid sites is con-
firmed by the infrared spectra shown in
Figs. 2E and F and Table 7. The initial
spectrum after pyridine exposure and evac-
uation at 423 K to a pressure of 9 x 107*
Torr showed bands due to physisorbed
pyridine on Si0O,, with bands at 1597 and
1446 cm~!. There were also bands at 1640
and 1550 cm ™! due to Brgnsted acid sites, in
addition to the large 19a peak at 1493 cm™'.
Desorption of the hydrogen-bonded or phy-
sisorbed pyridine at 423 K led to the spec-
trum shown in Fig. 2E, in which the Brgn-
sted acid bands are present with only
minor peaks for the hydrogen-bonded pyri-
dine at 1597 and 1446 cm~}. Note the high
intensity of the 19a band for the Brgnsted
acid sites which occurs at 1492 ¢cm~! and
remains until the pyridine is completely de-
sorbed. Figure 2F was collected after evac-
uation at 523 K to a pressure of 2 x 107#
Torr. Essentially all of the pyridine de-
sorbed under these conditions.

In short, Brgnsted acidity is observed on
P/SiO; but the phosphorus does not gener-
ate Lewis acid sites. Previous work at
higher loadings has shown Lewis acid sites
(4). However, in the present study this was
not observed. Hence, phosphorus is proba-
bly in a different structural environment
than the other dopants. Previous work (44)

TABLE 7

Infrared Absorption Frequenctes for Spectra of
Pyridine Adsorbed on 0.28 wt% P/SiO, Shown in
Figure 2

Type Band Evacuation temperature (K); pressure {Torr)
423, 423, 523, 623; 723,
9% 1074 2x 1074 2x 107% 1x 107% 1 x 1074

BPY 19b 1550 1550

19a 1493 1492 1492 1492

8b 1578

8a 1640 1640
HPY 196 1446 1446 1446

192 1493 1492

8b 1578

8a 1597 1598 1598 1598

Note. BPY = Brgnsted pyridine; HPY = physisorbed or hydrogen-
bonded pyridine.
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has indicated that the phosphorus exists as
an HPO}™ anion attached to the surface.
This is evidenced in this work by the strong
absorption of the IR beam by the sample in
the region of 3100-2700 cm~!, which is
where these groups absorb in the IR (44).

DISCUSSION

Lewis Acidity

Lewis acid sites were generated on silica
by all of the dopant cations employed in
this study (with the exception of phos-
phorus which was present as an anion,
HPO7"). The existence of Lewis acid sites
for Sc3*, Mg?*, Fe?* Fe3*, AI’*, Zn?*, and
Ga’* on SiO; is correctly predicted by the
previously described model (35). In short,
oxygen has a coordination number of two in
silica. Thus, the charge transfer along each
cation to anion bond according to Pauling’s
electrostatic bond strength rules is 2/2 or 1.
Hence, for a 2+ cation on the silica surface,
two bonds are required for charge neutral-
ity. For a 3+ cation this number is three. It
has been proposed previously (35) that
when the cation coordination number pre-
dicted by these simple arguments is smaller
than 4, then the cation may be coor-
dinatively unsaturated and thus function as
a Lewis acid site. Some borderline cases
such as Ti**/Si0, with four bonds do show
acidity (4) whereas others such as Fe’'/
ALOs do not show a large number of new
acid sites. Phosphorus, on the other hand,
has a charge of 5+ and the number of bonds
required is five. Thus no Lewis acidity is
predicted nor was observed for this system.

The infrared absorption frequencies are
different for pyridine adsorbed on each of
the different dopants. The absorption fre-
quencies for the 8a band of Lewis-bonded
pyridine can be interpreted in two ways.
For the series of seven dopant cations on
the silica surface there is a general increase
in IR absorption frequency with an increase
in electronegativity of the cation. We use
the electronegativity scale of Sanderson
(36) which takes into account the change in
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electronegativity of a given cation with for-
mal oxidation state. This trend can be seen
for the data of the present study shown by
the filled diamonds in Fig. 5. The data do
not follow a smooth correlation, with Al
showing a notable departure from the other
values. In addition, the 8a band position for
the low electronegative cations such as Sc,
Mg, and Fe?" are not very different. Alter-
natively, the data can be interpreted in the
same manner described by Pohle and Fink
(4). They interpreted their data in terms of
two classes of cations: one class has an 8a
absorption at 1612 = 2 cm™' and the other
class has an 8a absorption at 1625 = Scm™!.
In addition to the data of the present study,
data from similar studies of silica supported
cations are shown in Fig. 5. Pohle and Fink
concluded that cations giving rise to the
lower wavenumber band are octahedrally
coordinated and the cations giving rise to
the higher wavenumber band are tetrahe-
drally-coordinated. This interpretation is
not completely consistent with the data of
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Fi1G. 5. Plot of the 8a absorption frequency of ad-
sorbed pyridine versus Sanderson electronegativity
for dopants on SiO,: 1 = Sc/Si0,; 2 = Mg/Si0O,; 3 =
Mg/SiO,, Ref. (6); 4 = Ni/SiO,, Ref. (9); 5 = Fe?*/
Si0,, Ref. (34); 6 = Ti/Si0,, Ref. ¢); 7 = Cr/SiO,,
Ref. (4); 8 = Cr/SiO,, Ref. (7); 9 = Fe?*/Si0;, Ref.
(34); 10 = Al/SiO,, Ref. (4); 11 = Al/SiO,; 12 = W/
Si0,, Ref. (8); 13 = Zn/Si0O,; 14 = B/Si0,, Ref. (4); 15
= B/Si0;, Ref. (10); 16 = Ga/Si0,; 17 = Sn/Si0;,, Ref.
4); 18 = P/SiO,, Ref. (4); 19 = Ge/Si0O;, Ref. (4).

CONNELL AND DUMESIC

the present study. As is seen in Fig. 5, one
can also group the present data into the two
classes. However, it is known from Moss-
bauer spectroscopy that Fe?* is not in an
octahedral site (34). In fact, the coordina-
tion of Fe?~ is believed to be closer to tetra-
hedral; yet, its 8a band is in the low-fre-
quency, octahedral class. In addition, zinc
is an element that generally prefers tetrahe-
dral coordination. (Zinc oxide, hydroxide,
and all the halides except ZnF, have tetra-
hedrally bonded Zn. Zinc also forms seven
different spinels in which it is tetrahedrally
coordinated, and in willemite, Zn,SiO,,
both Zn and Si are in tetrahedral sites (45).)
Yet, Zn also falls in the octahedral cate-
gory. In agreement with the assignment of
Pohle and Fink, Al and Ga probably are
tetrahedrally coordinated. In addition, as
demonstrated earlier with a-ALO; and y-
AlLO; (35), pyridine adsorbed on tetrahe-
dral Al cations gives an IR band at 1624
cm~! whereas octahedral Al cations absorb
at 1616 cm™!,

In summary, the simple interpretation of
the 8a band given by Pohle and Fink ap-
pears to explain much but not all of the data
of the present study. A more consistent ex-
planation cannot be presented here without
additional information such as the coordi-
nation of the exposed cations, the coordina-
tion of the oxygen anions surrounding the
dopant cations, and the proximity of hy-
droxyl groups.

As observed by Ward (46) and by
Christner et al. (47) for ion exchanged zeo-
lites, the frequency of the 19b band corre-
lates with the electronegativity or electron
affinity of the cation. The importance of the
present study is that a series of amorphous
oxides have been studied systematically so
that this correlation can also be seen here.
The frequencies observed vary with the
evacuation treatment of the sample as well
as the treatment prior to the collection of
the IR spectra. Hence comparing the
results of different authors can be an unreli-
able method of obtaining a correlation. The
19b band occurs for Lewis acid sites near
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1450 cm L. The 19b band for Brgnsted sites
is well removed at 1540 cm™!. Data re-
ported for the 19b band must be free from
physisorbed pyridine because it absorbs at
wavenumbers only 5 to 10 cm™! lower. The
correlation of the frequency of the 19b band
for the data of the present study with the
Sanderson electronegativity is shown in
Fig. 6. In contrast to the behavior of the 8a
band, there is a more pronounced differ-
ence between the frequencies for lower
electronegative elements of Sc, Mg, Fe?',
and Fe?*. In addition, the Fe?* fits onto the
smooth curve and the frequency of pyridine
on Ga is higher than on Al, which is consis-
tent with the electronegativities of these
cations. The deviation of Al from the
smooth curve is less than the deviation
from the curve for the 8a band. In addition,
the data cannot be classified into two sets
as was the case for the 8a band. There is a
smooth transition through all of the data as
the electronegativity is increased.

In short, the changes in frequencies are
not as great for the 19b band as for the 8a
band, but the trends are much smoother.

It has been shown elsewhere that fre-
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FiG. 6. Plot of the 19b absorption frequency of ad-
sorbed pyridine versus Sanderson electronegativity
for dopants on Si0O,. All samples were evacuated at
523 K to a pressure less than 2 x 107* Torr. Data for
Fe?* and Fe’* from Ref. (34).
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quency of the 19b band for pyridine ad-
sorbed on Lewis acid sites increases as the
pyridine is more strongly bonded to the
sites (34, 35). From this result and the data
of Fig. 6, it appears that the strength of the
Lewis acid sites formed by doping various
cations on silica can be related to the elec-
tronegativity of the dopant cation. Thus, it
is now possible to use the simple model of
the previous study involving coordination
arguments (35) to predict which dopant cat-
ions should generate Lewis acid sites on
silica, and use electronegativity arguments
or the frequencies of the 19b band of ad-
sorbed pyridine to predict the relative
strengths of these sites.

Bronsted Acidity

An important concept in the acidity of
oxides and especially mixed oxides is the
explanation of the generation of Brgnsted
acid sites. It is generally believed that
Brgnsted sites are important for such reac-
tions as catalytic cracking and isomeriza-
tion of hydrocarbons (3).

There have been several well-docu-
mented observations that have led to confu-
sion about the generation of Brgnsted acid
sites. The first of these is that in the case of
zeolites, the number of Brgnsted sites can
be increased upon addition of H,O vapor
with a corresponding loss of Lewis acid
sites (/-3, 47). Thus, it has been the com-
mon conception that any strong Lewis acid
sites, such as those observed on alumina,
should react with H,O to form a Br¢nsted
acid site. However, this is not the case, as
illustrated by ILercher and Noller ¢2).
These authors observed a correlation be-
tween electronegativity and frequency
shifts of the OH groups after adsorption of
acetone. Both properties varied monotoni-
cally with the composition of the Mg/Si/Al
mixed oxides. However, only Al,0;/SiO;
mixtures exhibited Brgnsted sites even
though Mg/SiO, samples had the same elec-
tronegativity and the same hydroxyl-group
frequency shifts.
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This behavior is readily understood with
reference to the generation of Brgnsted
acidity in zeolites. Specifically, not all of
the hydroxyl groups present in the sample
are Brgnsted acid sites; and, instead, it is
those hydroxyl groups that bridge a silicon
and an aluminum cation that serve as Brgn-
sted acid sites (48). The view that such
bridging hydroxyl groups are the Brgnsted
acid sites is confirmed in calculations of the
charges of protons on oxidic materials.
These can be summarized by the work of
Mortier and co-workers (49, 50). This con-
clusion is also in agreement with studies by
Haag et al. (51) of Bregnsted acid sites in
ZSM-5. Their work based on magic-angle-
spinning NMR as well as the kinetics of
hexane cracking has shown that Al occu-
pies a tetrahedral site. In the hydrated state
the tetrahedral Al cation is in a symmetrical
site with a bridging hydroxyl group between
Si and Al. This bridging hydroxyl group be-
comes the Brgnsted acid site.

The present study confirms that the
above ideas about Brgnsted acid sites in ze-
olites can be applied to mixed oxides as
well, e.g., for samples prepared by doping
cations onto the surface of silica. The Sc,
Ga, and Al cations used in this study all
have an easy bonding route using sp® hy-
brids to form tetrahedral coordination. The
other cations of this study do not. That is
not to say that these cations can never be
forced to become Brgnsted acidic. For ex-
ample, Mg/SiO, will exhibit Brgnsted acid-
ity when prepared in such a way as to force
the Mg into tetrahedral sites (6). However,
when the sample preparation is such that
only facile surface reactions occur, no
Brgnsted acidity is observed for these cat-
ions, such as in the present study and the
studies of Noller er al. This concept is also
confirmed by the fact that Fe generates a
Brgnsted acid site when it is formulated
into a zeolite structure, but not when only
allowed to react on the surface of silica.
This is illustrated by the work of Chu and
Chang (52).

In the present study Brgnsted sites on
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Si0O, were observed for Sc**, AP*, and
Ga**. Note that these three cations span the
range of electronegativity studied in the
present work, suggesting that there is no
correlation between the electronegativity of
the cations and the existence of Brgnsted
acidity. These three cations have the same
electronic configuration, have sizes similar
to Si**, and they all can bond tetrahedrally
through sp3 hybrid orbitals. Thus, these tri-
valent cations should fit into the tetrahedral
framework of SiO; and form a tetrahedral
bond with a bridging hydroxyl group to a Si
for charge neutrality. This leaves the pro-
ton available as a Brgnsted acid. This pro-
ton can react with a base molecule to form a
positively charged intermediate, and the
solid remains in essentially the same energy
state regardless of the location of the pro-
ton.

To generate this cationic Brgnsted site,
the dopant cation must be incorporated into
the tetrahedral structure of silica. For the
Sc3*, AR, and Ga®* cations that exhibited
Brgnsted acidity, the key to the formation
of this site is apparently the proper cation
size and the existence of sp3 hybrid orbitals.
For example, boron supported on silica has
not been found to exhibit Brgnsted acidity
(4, 10). Apparently, B** is too small to
bond tetrahedrally in SiO, (its diameter is
25 pm compared to 40 pm for Si). Being
tetrahedrally coordinated does not neces-
sarily generate the appropriate bridging hy-
droxyl group. Zinc in the divalent state
does not give Brgnsted sites. In the 2+ oxi-
dation state, it would produce a —2 charge
if it were to be bonded in the same configu-
ration as a 3+ cation. Addition of a second
proton to balance the charge is apparently
not energetically favorable. Similarly, being
in the 3+ oxidation state does not guaran-
tee that a cation will generate a Brgnsted
site. Transition elements such as Fe3* ap-
parently do not bond in the sp? tetrahedral
fashion to make the proper configuration
for the Brgnsted acid site. This is the result
of the partially filled d orbitals which
participate in the bonding.
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The above model explains cationic Brgn-
sted sites but does not explain the Brgn-
sted acidity observed with P. It is pro-
posed that this is a different type of
Brgnsted acidity, i.e., anionic Brensted
sites. These sites are suggested to be gener-
ated by atoms (such as P, Cl, F, and S)
which tend to form highly electronegative
anions. There are two mechanisms com-
monly used to explain the generation of
some types of these anionic Brgnsted sites.
One model is that the electron density of an
OH bond is reduced by the inductive effects
of the nearby electronegative anions; this
weakens the OH bond and thus generates a
Brgnsted site (53). Another model is that
water molecules adsorbed on the sites con-
taining the electronegative anions form
weak OH bonds which become Brgnsted
acid sites (54). Whatever the mechanism, it
is proposed here that these Brgnsted sites
generated by highly electronegative anions
are different from the Brgnsted sites gener-
ated by cations substituted into the lattice
of the host oxide. In general, this anionic
type of Brgnsted acid may be the way that
many acidic supports are generated. Alu-
mina is activated by chloride, for example,
to give it the needed acidity for catalysis
(55).

CONCLUSIONS

Lewis acid sites have been shown to be
generated by doping Sc¢®t, Mg?t, Fe?f,
Fe’*, APP*, Zn’*, and Ga’* onto silica. A
simple model based on Pauling’s electro-
static bond strength rules and cation coor-
dination arguments has been shown to pre-
dict the presence of coordinatively
unsaturated dopant cations, and thus Lewis
acidity, for all of these cations on silica.
Furthermore, a correlation has been found
between the IR absorption frequency for
the 19b band of pyridine and the electroneg-
ativity of the dopant cation. It is suggested
that both of these quantities are related to
the Lewis acid strength.

The existence of Brgnsted acid sites has
been shown to occur for Sc, Al, and Ga on
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silica. This is explained by a model of cat-
ionic Brgnsted acids in which a tetrahedral
3+ cation substitutes into the SiOQ, matrix at
the surface to produce a labile proton
bonded to the surface by ionic forces. Dop-
ant cations that bond to silica in this fashion
are those which are easily forced into the
tetrahedral structure as a result of their
charge, size, and bonding characteristics.

A second type of Brgnsted acidity, de-
noted as an anionic type, is produced by
atoms which form highly electronegative
anions. These anions can induce Brgnsted
acidity by other mechanisms.
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