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The acidic properties of MgO, A1203, and TiOr were studied using pyridine adsorption. Infrared 
spectroscopy and gravimetric adsorption measurements indicate no acid sites on MgO, while 
Lewis acid sites were observed on the surfaces of A1203 and TiOr. Doping Fe onto MgO and AllO 
was shown by Mossbauer spectroscopy to produce only highly coordinated Fe (e.g., sixfold coordi- 
nation). A small amount of low coordination iron (e.g., fourfold coordination) was observed on 
TiOr. Pyridine adsorption measurements showed that addition of Fe on MgO did not generate 
acidity, whereas iron produced a small number of sites on A1203 and iron addition caused a 
selective poisoning and strengthening of the acid sites on TiOz. All acids in this series of single 
component and binary component oxides were Lewis acids. A model of Lewis acidity is proposed 
in that the existence of coordinatively unsaturated cations responsible for the acidic properties can 
be predicted using Pauling’s electrostatic bond strength rules. This model is also shown to be valid 
for iron cations deposited on SiOz. D 1986 Academic Press, Inc. 

INTRODUCTION 

The acidic properties of metal oxides are 
generally thought to play an important role 
in determining the adsorptive and catalytic 
properties of these materials. Moreover, it 
has been found that the acidic properties of 
mixed metal oxides are particularly impor- 
tant, since the number, strength, and nature 
of the acid sites can be controlled by vary- 
ing the composition and treatment of the 
sample (e.g., (1-3)). The materials used in 
most previous studies have been prepared 
over wide composition ranges by coprecipi- 
tation procedures. While these mixed ox- 
ides display unique acidic properties, they 
have complex structures; and, this has 
made it difficult to relate the observed 
acidic properties to the structure of the cat- 
alyst. 

The present study was undertaken to 
probe the possible relationships between 
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acidic and structural properties for a series 
of model mixed oxide samples prepared by 
depositing one metal oxide at low loadings 
on the surface of a second, supporting 
metal oxide. In the first paper of this series 
(4) it was shown that Lewis acid sites were 
generated by depositing iron cations on sil- 
ica. The present paper addresses the acidic 
properties of iron supported on MgO, 
A&03, and TiOz . As in our previous paper, 
pyridine adsorption will be used to probe 
the acid sites on these supported iron sam- 
ples, as studied by gravimetric adsorption 
measurements and infrared spectroscopy. 
The state of iron in these samples will be 
monitored by Mossbauer spectroscopy. 

The most general conceptual model cur- 
rently available to predict the acidity gener- 
ated by mixing two metal oxides is that of 
Tanabe et al. (5). This model is based on 
certain assumptions about the structure of 
the mixed oxide, e.g., the coordination of 
the oxygen anions is dictated by the struc- 
ture of that oxide component present in 
greater concentration. In addition, this 
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model attempts to predict the acid type 
(Lewis versus Bronsted) based on electrical 
charge balances. The samples of the 
present study were chosen to test the pre- 
dictions of the Tanabe model for supported 
metal oxides. This is possible since the 
structure of the acid sites associated with 
iron cations can be determined by Moss- 
bauer spectroscopy and the number and 
type of the acid sites can be determined by 
gravimetric and infrared spectroscopic 
studies of pyridine adsorption. It will be 
shown that the essential assumptions of the 
Tanabe model appear to be correct; how- 
ever, this model cannot be used to predict 
the type of acid sites formed by depositing 
one oxide onto a supporting oxide. Instead, 
it will be shown that a simple model based 
on Pauling’s electrostatic bond strength (6) 
is effective in predicting the appearance 
and type of the acid sites. Finally, this 
model will be tested further in a subsequent 
paper in which the acidic properties of a 
series of metal oxides supported on silica at 
low loadings will be studied (7). 

EXPERIMENTAL 

Sample preparation. All supported iron 
oxide samples were prepared by incipient 
wetness impregnation of the appropriate 
support using 0.5 ml of an aqueous solution 
of ferric nitrate per gram of support. Sam- 
ples for Mossbauer spectroscopy were pre- 
pared using iron enriched to about 90% 
with “Fe. The s7Fe(N03)3 required for 
these syntheses was made by reduction of 
s7Fez03 in HZ at 723 K overnight, followed 
by dissolution of the resulting metallic iron 
in 30 wt% HN03. The acid solution was 
allowed to evaporate at room temperature, 
and the iron nitrate crystals were then dis- 
solved in water to form the impregnation 
solutions. The various supports used in this 
work are described below. 

Magnesium oxide was made by precipi- 
tating Mg(NO& (Aldrich 99.999%) with 
NH40H (Baker Ultrex) to form Mg(OH)2. 
This was decomposed in vacuum while 
heating to 1273 K (8), followed by oxidation 

in O2 for 72 h at 973 K. After this proce- 
dure, X-ray diffraction peaks due only to 
MgO were observed. This procedure pro- 
duced MgO with a surface area of 61 m2/g 
measured volumetrically using the BET 
method with nitrogen at 77 K. The Fe/MgO 
sample was then made to a loading of 0.8 
wt% Fe using incipient wetness impregna- 
tion. Finally, the sample was heated in air 
at 400 K overnight. 

The y-A&O3 used in this work was ob- 
tained in high purity (99.99%) from Ameri- 
can Cyanamid. It was pretreated by oxida- 
tion in O2 at 773 K. The surface area was 
determined to be 172 m*/g using the BET 
method. An a-A1203 support was made by 
treatment of the Y-A1203 in O2 at 1423 K for 
24 h (9). X-Ray diffraction of the sample 
showed only peaks indicative of a-AlzOi. 
However, because of the random distribu- 
tion of the Al cations in the tetrahedral and 
octahedral sites of Y-A1203, only a very 
broad diffraction pattern is observed even 
for 100% y-A1203. Hence, the absence of 
the broad peaks for y-AllO is not indicative 
of the absence of tetrahedral Al cations, es- 
pecially at the surface. The surface area of 
the a-A1203 was 14.3 m2/g. Samples for 
Mossbauer spectroscopy were made by in- 
cipient wetness impregnation to a loading 
of 0.2 wt% Fe on -y-Al20,. Gravimetric ad- 
sorption measurements and infrared spec- 
troscopy were carried out on samples with 
a loading of 0.6 wt% Fe. 

The titania used in this work was De- 
gussa P-25. It was cleaned as described by 
Santos et al. (10). In short, the TiOz was 
washed with H20 to remove foreign ions 
and oxidized in O2 at 700 K to remove re- 
sidual hydrocarbons. The titania had a sur- 
face area of 54 m2/g. The iron-containing 
samples for all studies were made with 
loadings of 0.6 wt% Fe using incipient wet- 
ness impregnation. 

Acidity measurements and Miissbauer 
spectroscopy. The acidic properties of the 
samples were measured using pyridine ad- 
sorption. The amount of adsorbed pyridine 
following exposure to 4.8 Torr (1 Torr = 
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133.3 Pa) of pyridine and evacuation at pro- 
gressively higher temperatures was deter- 
mined gravimetrically using a quartz-spring 
balance, as described in Part I of this series, 
(4). Prior to these measurements, the sam- 
ples of iron supported on MgO, A1203, and 
Ti02 were treated in O2 at 723 K. In some 
cases, one subsequent treatment was em- 
ployed, that being reduction in H2 at 723 K. 
The type of acid sites on the various sam- 
ples was determined using infrared spec- 
troscopy of adsorbed pyridine. This proce- 
dure has also been described in detail in 
Part I of this series (4). In short, the sam- 
ples were exposed to 4.8 Torr of pyridine at 
423 K followed by evacuation at this and 
progressively higher temperatures. 

In situ MZissbauer spectra were collected 
at room temperature following various 
treatments of the supported iron samples in 
02 and in H2 at elevated temperatures. The 
velocity scale in all spectra is reported rela- 
tive to metallic iron at room temperature. 
There was an Fe impurity in the Be win- 
dows used on the in situ MGssbauer spec- 
troscopy cell. The spectrum for this impu- 
rity has been numerically subtracted from 
the shown spectra. This procedure as well 
as the computer fitting methods used to an- 
alyze the Mijssbauer spectra are described 
elsewhere (4). 

RESULTS 

Iron Supported on MgO 

Miissbauer spectroscopy. Miissbauer 
spectra of the Fe/MgO sample are shown in 
Fig. 1. Spectrum A is after treatment in 02 
at 723 K for 4 h. The spectrum has been fit 
with a doublet having an isomer shift of 
0.33 mm/s and a quadrupole splitting of 
0.82 mm/s. All the fitting parameters are 
listed in Table 1. The fit using the one dou- 
blet is not exact since there is probably a 
distribution of sites on the surface, but the 
spectrum does not lend itself to more re- 
fined fitting. 

Reduction of the sample at 723 K in Hz 
for 4 h leads to the formation of Fe2+ as 
seen in Fig. IB. This spectrum has been fit 
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FIG. 1. Room temperature Mijssbauer spectra for 
0.8 wt% Fe/MgO. (A) After oxidation in O2 at 723 K; 
(B) after reduction in Hz at 723 K; (C) after oxidation 
in O2 at 295 K. 

with three doublets. The left-most doublet 
is that of Fe3+, and the isomer shift and 
quadrupole splitting of this doublet have 
been constrained to be the same as for the 
oxidized sample. Two new doublets for 
Fez+ have been used to fit the spectrum. 
The one with the larger area has an isomer 
shift of 0.99 mm/s and a quadrupole split- 
ting of 0.82 mm/s. This doublet has been 
assigned to Fe2+ cations in the bulk of MgO 
as a substitutional solid (II, 12). The other 
doublet has an isomer shift of 0.90 mm/s 
and a quadrupole splitting of 1.5 mm/s. 
These parameters are indicative of high co- 
ordination iron, e.g., five- or sixfold coordi- 
nation. The large amount of Fe3+ that re- 
mains after reduction is indicative of the 
formation of magnesium ferrite, MgFe204. 
Formation of this bulk phase renders the 
Fe3+ inaccessible to gas phase reduction. 
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TABLE 1 

Mossbauer Parameters for Spectra of 0.8 wt% Fe/MgO Shown in Fig. I 

Species Treatment: gas and temperature 

Fe3+ 
Isomer shift 
Quadrupole splitting 

Fractional area 
Linewidth (mm/s) 
Area (pet. * mm/s) 

Fe2+ inner doublet 
Isomer shift 
Quadrupole splitting 

Fractional area 
Linewidth (mm/s) 
Area (pet. * mm/s) 

Fe?+ outer doublet 
Isomer shift 
Quadrupole splitting 

Fractional area 
Linewidth (mm/s) 
Area (pet. * mm/s) 

O2 723 K Hz 723 K 02 295 K 

0.33 mm/s 
0.82 mm/s 

1.00 0.25 
0.67 0.50 

24.41 6.01 

0.99 mm/s 
0.82 mm/s 

0.60 
0.64 

14.24 

0.90 mm/s 
1.49 mm/s 

0.14 
0.49 
3.39 

Since the major Fe doublets can be as- 
signed to Fe2+ cations in MgO and Fe3+ cat- 
ions in MgFe204, it is questionable as to 
how much Fe remains on the surface of 
MgO. Oxidation of the sample at room tem- 
perature for 4 h leads to the spectrum 
shown in Fig. IC. As can be seen, the 
amount of Fe3+ increases and the amount 
of Fez+ decreases, but a large amount of 
the iron is not affected by the oxidation. 
Room temperature oxidation oxidizes 40% 
of the Fe from Fe2+ to Fe’+. This indi- 
cates that 60% of the Fe is in the bulk and 
is not affected by the reduction or oxi- 
dation. Since oxidation is expected to oc- 
cur through at least a few atomic layers, 
one can estimate that the amount of surface 
Fe is less than 20% of the total Fe in the 
sample. 

Pyridine adsorption measurements. 
Gravimetric adsorption measurements of 
pyridine showed that for MgO there was 

0.67 
0.67 

16.02 

0.26 
0.56 
6.23 

0.07 
0.31 
1.59 

less than 1 x 10m4 g of pyridine adsorbed 
per gram of MgO at 423 K upon evacuation 
to 10m4 Torr. Addition of Fe to the sample 
in both the fully oxidized and reduced 
states had no effect on the minimal adsorp- 
tion of pyridine on MgO. Hence MgO does 
not contain any measurable acid sites and 
the addition of Fe does not alter this. 

A sample of 0.8 wt% Fe/MgO evacuated 
at 423 K to a pyridine pressure of 9 x 10m4 
Torr showed bands in the infrared region at 
1442 and 1599 cm-‘. These peaks are shown 
in Fig. 2D and the frequencies are tabulated 
in Table 2. These bands are weak and are 
indicative of physisorbed pyridine. Evacua- 
tion of the sample to a lower pressure of 2 
X 10P4 Torr but still at 423 K essentially 
removed the bands as shown in spectrum 
E. This is further evidence that there is only 
physisorbed pyridine on Fe/MgO. Evacua- 
tion at 523 K (Fig. 2F) leads to the complete 
loss of the pyridine spectrum. 
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FIG. 2. Infrared spectra of pyridine adsorbed on 0.6 
wt% Fe/y-A&O3 (A-C) and 0.8 wt% Fe/MgO (D-F) 
after oxidation in O2 at 723 K. Evacuation temperature 
and (A) 423 K, 9 pressure: x 10m4 Torr; (B) 423 K, 2 X 
10m4 Torr; (C) 523 K, 2 x 10m4 Torr; (D) 423 K, 9 x 
1O-4 Torr; (E) 423 K, 2 x 10m4 Torr; (F) 523 K, 1 X 
1O-4 Torr. 

Iron Supported on Al203 

Miissbauer spectroscopy. Oxidation of a 
0.2 wt% Fe/y-AIZOj sample in O2 at 673 K 
led to the spectrum shown in Fig. 3A. This 
spectrum has been fit with two doublets be- 
cause the breadth of the two observable 
peaks could not be fit with a single Lorent- 
zian doublet. The Mossbauer parameters 
for the fitted spectra of Fe/Al203 are listed 
in Table 3. The spectrum taken after calci- 
nation at 423 K could be fit with a single 
doublet. However, as the oxidation temper- 
ature was increased to 473, 573, and 673 K 
the broadness of the peaks increased and 
could no longer be fit with a single doublet. 
This suggests that at higher temperatures 
the Fe is converted into a different struc- 
ture on the surface. The broadness of the 
peaks indicates that the iron exists in a vari- 
ety of sites with different symmetries. This 
may also be evidence for diffusion of Fe 
into the bulk of A1203. Since a-Fez03 and (Y- 
A1203 have the same crystal structure they 
have been shown to be soluble at least up to 
10 at.% (13). 

TABLE 2 

Infrared Absorption Frequencies (cm-‘) for Spectra 
of Pyridine Adsorbed on 0.8 wt% Fe/MgO Shown in 

Figs. 2D-F 

Type Band Evacuation treatment: 
temperature and 
pressure (Torr) 

423 K, 423 K, 523 K, 
9 x 10-4 2 x 10-4 1 x 10-4 

HPY 19b 1442 1442 
19a 1483 1481 
8b 1576 1576 
8a 1599 1603 1603 

Note. HPY = physisorbed or hydrogen-bonded 
pyridine. 

Reduction of the 0.2 wt% Fe/y-Al203 in 
Hz at 723 K yielded the spectrum shown in 
Fig. 3B. This spectrum has been fit with 
two Fe*+ doublets and a residual Fe3+ dou- 
blet whose parameters are not the same as 
in the oxidized sample. The two doublets 
for Fe*+ are similar to those observed for 
highly coordinated Fe on the surfaces of 
MgO and Ti02 in the present paper and 
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FIG. 3. Room temperature Mossbauer spectra for 
0.2 wt% Fe/y-A1203. (A) After oxidation in O2 at 673 
K; (B) after reduction in Hz at 723 K. 
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TABLE 3 

Miissbauer Parameters for Spectra of 0.2 wt% 
Fe/y-A120X Shown in Fig. 3 

Species Treatment: gas 
and temperature 

02613 K Hz 723 K 

Fe3+ 
Isomer shift (mm/s) 0.3310.31 
Quadrupole splitting (mm/s) l.WO.91 

Fractional area 05310.47 
Linewidth (mm/s) 0.9610.80 
Area (pet. * mm/s) 8.0017.27 

0.27 
0.26 
0.06 
0.25 
1.13 

Fez+ outer doublet I 
Isomer shift (mm/s) 
Quadrupole splitting (mm/s) 

Fractional area 
Linewidth (mm/s) 
Area (pet. * mm/s) 

1.04 
I.51 
0.64 
0.69 

11.64 

Fez+ outer doublet II 
Isomer shift (mm/s) 1.10 
Quadrupole splitting (mm/s) 2.28 

Fractional area 0.30 
Linewidth (mm/s) 0.49 
Area (pet. * mm/s) 5.43 

SiOz in our previous paper (4). This agrees 
with the work of Rethwisch and Dumesic 
(12). The formation of FeA1204 spine1 has 
been proposed for Fe/A1203 surfaces (e.g., 
(14, 15)). The parameters of the doublets 
observed in this study are similar to the pa- 
rameters for FeA1204 which has an isomer 
shift of 1.08 mm/s and a quadrupole split- 
ting of 1.60 mm/s at room temperature (16). 
Therefore, there is a strong possibility that 
some of this spine1 has formed on the sam- 
ple. 

Pyridine adsorption measurements. 
Gravimetric measurements of pyridine ad- 
sorption showed large numbers of acid sites 
on the surfaces of both o-A1203 and y- 
A1203. The results for both types of A1203 
after oxidation are shown in Fig. 4. It 
should be noted that the measurements 
were done with a fixed sample weight (ca. 
400 mg) so that the experimental error is 

04m 800 
TEMPERATURE (K) 

FIG. 4. Gravimetric measurements of pyridine ad- 
sorption on AlzO,: (0) c+AlzO, after oxidation in O2 at 
723 K, and (6) -y-AlzOs after oxidation in O2 at 673 K. 

higher for the CX-A1203 samples than for the 
r-Al,03 samples because of the surface area 
differences. 

Addition of 0.6 wt% Fe to Y-AI~O~ adds a 
small number of new acid sites on the sur- 
face. This is shown by the results of the 
gravimetric adsorption measurements dis- 
played in Fig. 5. The open symbols and 
dashed lines are for y-A1203 alone and the 
filled symbols and solid lines are for the 
iron-doped samples. Experiments were 
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T 
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FIG. 5. Gravimetric measurements of pyridine ad- 
sorption on 0.6 wt% Fe/y-AIZOJ: (0) y-Alz03 after re- 
duction in H2 at 723 K; (9) y-AIZOj after oxidation in 
O2 at 673 K; (0) Fe/y-Al,O, after reduction in Hz at 
723 K; (+) Fe/y-AllO after oxidation in O2 at 723 K. 
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FIG. 6. Infrared spectra of pyridine adsorbed on (Y- 
AllO3 after oxidation in O2 at 723 K. Evacuation tem- 
perature and pressure: (A) 423 K, 1 x 10m3 Torr; (B) 
423 K, 2 x 10m4 Torr; (C) 523 K, 2 x 10m4 Torr; (D) 623 
K, 1 x 1O-4 Torr. 

conducted after oxidation in O2 at 723 K 
and after reduction in Hz at 723 K. As can 
be seen, oxidation or reduction does not 
affect the acidity of A1203. Addition of Fe 
creates new acid sites that retain the pyri- 
dine even after evacuation at 723 K. These 
extra sites are responsible for the increased 
acidity at the lower evacuation tempera- 
tures as well because the separation be- 
tween the two sets of curves remains con- 
stant. The difference between the doped 
and undoped samples corresponds to 15% 
of the added Fe cations. In fact, Rethwisch 
and Dumesic (17) used nitric oxide adsorp- 
tion to estimate that about 15% of the iron 
cations for a 1 wt% Fe/A1203 sample were 
on the surface. It must be noted, however, 
that the present gravimetric adsorption 
results do not unequivocally show new acid 
sites. The difference between the Fe/A1203 
data and the A1203 data remains constant 
throughout the entire temperature range. 
Hence a possible error in the initial weights 
used to calculate these data would shift the 
curve. This shift was observed, however, 
for multiple runs in which the initial weights 
were measured independently. 

The infrared spectra of pyridine adsorbed 
on CX-A1203 are shown in Fig. 6 and the ab- 

TABLE 4 

Infrared Absorption Frequencies (cm-‘) for Spectra 
of Pyridine Adsorbed on (Y-AI~O~ Shown in Fig. 6 

TYPE Band Evacuation treatment: 
temperature and pressure (Torr) 

423 K, 423 K, 523 K, 623 K, 
1 x 10-J 2 x 10-d 2 x 10-d I x 10-d 

LPY 

HPY 

19b 
19a 
8b 
8a 

19b 
19a 
8b 
8a 

1449 
1490 
1577 
1615 

16OOsh 

1452 1454 1456 
1491 1493 1494 
1577 1577 
1617 1618 1622 

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

sorption frequencies are tabulated in Table 
4. There is one set of Lewis acid peaks 
whose maxima shift upward as the evacua- 
tion is carried out at lower pressures and 
higher temperatures. The 8a band, for ex- 
ample, shifts from 1615 cm-i in spectrum A 
to 1622 cm-i in spectrum D. Evacuation at 
723 K led to a spectrum with no pyridine 
bands. 

The above behavior of CPA&O3 is in con- 
trast to the -y-A1,03 spectra shown in Fig. 7, 

1700 1640 1600 1620 1460 1400 
FREQUENCY (cm-11 

FIG. 7. Infrared spectra of pyridine adsorbed on y- 
Al203 after oxidation in O2 at 723 K. Evacuation tem- 
perature and pressure: (A) 423 K, 7 x 10m4 Torr; (B) 
423 K, 2 x 1O-4 Torr; (C) 523 K, 1 x 1O-4 Torr; (D) 623 
K, 9 x 1O-5 Torr; (E) 723 K, 8 x 1O-5 Torr. 
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TABLE 5 

Infrared Absorption Frequencies (cm-‘) for Spectra 
of Pyridine Adsorbed on y-Alz03 Shown in Fig. 7 

TYPO Band Evacuation treatmen,: 
temperature and pressure (Torr) 

423 K, 423 K, 523 K. 623 K, 723 K, 
7 x 10-d 2 x 10-d I x 10-d 9 x 10-5 8 x 10.’ 

LPYU) l9b 1451 1452 

19a 1493 1494 

8b 1578 1579 

8a 1615 1616 
LPYW l9b 1455sh 1455 1456 1456 1456 

19a 1493 1494 1496 1496 1496 
8b 1578 1579 1577 I576 1576 
8a 1624 1624 1625 1626 1626 

Note. LPY(I) = Lewis pyridine number I: LPY(II) = Lewis pyridine 
number 2; sh = shoulder. 

for which the frequencies are tabulated in 
Table 5. Two distinct peaks for both the 8a 
and 19b bands appear in these spectra. 
These two bands have been observed previ- 
ously (e.g. (18, 19)). The frequencies of the 
8a bands in spectrum A are at 161.5 and 1624 
cm-‘. Note that the low frequency band is 
the same as that observed on a-A1203. De- 
sorption of the pyridine at 523 K results in 
spectrum C in which the lower wavenum- 
ber peaks of each pair can no longer be re- 
solved. Evacuation at 723 K (spectrum E) 
does not remove the high wavenumber 
peaks, indicating that the pyridine is 
strongly bonded to these sites. It has often 
been postulated that these high frequency 
peaks are due to coordinatively unsaturated 
AP+ cations in tetrahedral sites. The lower 
wavenumber band has been assigned to an 
anion vacancy over a tetrahedral and an oc- 
tahedral Al cation (9). This assignment im- 
plies that tetrahedral cations exist on the CY- 
A1203 surface; however, no peaks are 
observed at the high wavenumber due to 
tetrahedral cations. The small peak at 1597 
cm-’ of LY-AIzO~ has been previously as- 
signed to unsaturated octahedral cations 
(9). However, one would expect that the 
band at this low wavenumber to be due to 
physisorbed pyridine (e.g., as observed on 
MgO). Furthermore, while the 1597 cm-’ 

peak is present in spectrum 6A, it disap- 
pears in spectrum B, which is for the same 
evacuation temperature of 423 K but after 
the pyridine pressure has been reduced 
from 1 x 10e3 to 2 x 1O-4 Torr. A simpler 
explanation of the IR spectra for pyridine 
on A1203 would be that the lower wavenum- 
ber peak at 1615 cm-i is a result of octahe- 
dral cations only. This would be consistent 
with the spectra of pyridine on a-Alz03 as 
well as the large amount of pyridine found 
adsorbed on a-A&O3 with the gravimetric 
adsorption measurements. Thus, it is pro- 
posed that the high and low wavenumber 
peaks observed for r-Al,03 can be assigned 
to coordinatively unsaturated “tetrahedral 
and octahedral” cations, respectively. 

It has been shown in the literature that 
one can expect to observe different peaks 
in the IR of pyridine corresponding to ad- 
sorption on different cations. Tret’yakov 
and Filimonov (20), for example, deter- 
mined the infrared absorption frequency for 
pyridine adsorbed on a series of oxides. 
They concluded that the frequency was de- 
pendent on the cation, not on its environ- 
ment. This has been shown to be true for Fe 
in various phases. The 8a band for pyridine 
is between 1607 and 1613 cm-’ for a-Fez03 
(21,22), y-Fe203 (23), and FeOOH (24-26). 
In Part I of this series (4), a pyridine IR 
peak due to Fe3+ on SiOz was found at 1611 
cm-‘. Hence, one would expect to see a 
peak near 1611 cm-’ for the Fe/A&O3 sam- 
ple if acid sites associated with Fe3+ cations 
were present on alumina. As seen in Figs. 
2A-C and Table 6, this was not observed. 
Thus, there is no evidence from the infrared 
data to confirm the addition of new acid 
sites on the surface of Al2O3 upon addition 
of Fe. However, since the amount of ad- 
sorbed pyridine on A1203 is much higher at 
the low evacuation temperatures, one may 
expect the Fe peaks to be obscured by the 
A1203 peaks. However, even at the higher 
evacuation temperatures, where the frac- 
tion of sites due to Fe is higher (as observed 
by the gravimetric adsorption data), no 
peak attributable to Fe is observed. One 
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TABLE 6 

Infrared Absorption Frequencies (cm-‘) for Spectra 
of Pyridine Adsorbed on 0.6 wt% Fe/y-AlzO, Shown 

in Figs. 2A-C 

Type Band Evacuation treatment: 
temperature and pressure 

(Tom) 

423 K, 423 K, 523 K, 
9 x 10-d 2 x IO-4 2 x IO-4 

LPY(1) 

LPY(I1) 

19b 1451 1452 
19a 1494 1494 
8b 1.578 1578 
8a 1616 1616 

19b 1455 1455 
19a 1494 1494 
8b 1578 1578 
8a 1624 1624 

1616sh 
1456 
1496 
1576 
1625 

Note. LPY(1) = Lewis pyridine number 1; LPY(I1) 
= Lewis pyridine number 2; sh = shoulder. 

must also remember that while the sample 
is cooling to room temperature before col- 
lection of the spectra readsorption of pyri- 
dine may occur on the sample, thereby in- 
creasing the amount of adsorption on 
A1203. In addition, the evacuation pres- 
sures are an order of magnitude higher in 
the IR cell than in the gravimetric adsorp- 
tion apparatus (i.e., lop4 versus lop5 Torr, 
respectively). 

Iron Supported on TiO;? 

Miissbauer spectroscopy. Oxidation of 
the 0.6 wt% Fe/TiOz sample in 02 at 723 K 
gave the spectrum depicted in Fig. SA, with 
the parameters summarized in Table 7. The 
spectrum was fit with a doublet having an 
isomer shift of 0.33 mm/s and a quadrupole 
splitting of 1.2 mm/s. Reduction of Fe/TiOz 
in HZ at 673 K led to the complex spectrum 
shown in Fig. 8B. It has been fit with four 
doublets. There is evidence for some resid- 
ual Fe3+, and hence a weak doublet with the 
same parameters as in spectrum A has been 
used in fitting the spectrum. Three doublets 
were used to fit the Fez+ part of the spec- 
trum. The most intense doublet is similar to 

the doublets seen on MgO, A1203, and SiOZ 
and has an isomer shift of 1.0 mm/s and a 
quadrupole splitting of 1.8 mm/s. The peak 
with the next largest area causes the dip 
between the two major peaks. This doublet 
has an isomer shift of 0.85 mm/s and a 
quadrupole splitting of 0.75 mm/s. This 
same doublet has been observed on 0.1 
wt% TiOZ by Murrell and Garten (27) with 
an isomer shift of 0.89 mm/s and a quad- 
rupole splitting of 0.58 mm/s. This is also 
similar to the doublet observed on SiOz in 
Part I of this series (4) as well as in previous 
works (12, 28-31). A similar doublet has 
also been observed on Y-zeolite (32-34), L- 
zeolite (35), A-zeolite (36), and mordenite 
(37). This doublet has been denoted as an 
“inner doublet” due to its small isomer 

I -4 4 
VELOCITY (mm/s) 

FIG. 8. Room temperature Mossbauer spectra for 
0.6 wt% Fe/TiOz. (A) After oxidation in O2 at 723 K; 
(B) after reduction in H2 at 673 K; (C) after reduction 
in Hz at 673 K followed by pyridine adsorption in HZ at 
423 K for 1 h and degassing in flowing Hz at 423 K for 4 
h. 
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TABLE 7 

Mossbauer Parameters for Spectra of 0.6 ~1% Fe/TX)? Shown in Fig. 8 

Species 

Fe’+ 

Isomer shift 

Quadrupole splitting 

Fractional area 

Linewidth (mm/s) 
Area (pet. * mm/s) 

Fe” inner doublet 

Isomer shift 

Quadrupole splitting 

Fractional area 

Linewidth (mm/s) 
Area (pet. * mm/s) 

Fe’+ outer doublet 1 

Isomer shift 

Quadrupole splitting 

Fractional area 

Linewidth (mm/s) 

Area (pet. * mm/s) 

Fe” outer doublet II 

Isomer shift 

Quadrupole splitting 

Fractional area 

Linewidth (mm/s) 

Area (pet. * mm/s) 

Treatment: gas and temperature 

O? 723 K H? 673 K HJpyridine. 

Hz 423 K 

0.33 mm/s 

I.16 mm/s 

1.00 0.04 0.02 

0.70 0.34 0.26 

12.41 0.26 0.14 

0.85 mm/s 

0.75 mm/s 

0.22 0.02 

0.60 0.42 

1.46 0.12 

I .04 mm/s 

1.82 mm/s 

0.68 0.67 

0.65 0.65 

4.46 4.45 

1.01 mm/s 

2.46 mm/s 

0.06 0.30 

0.28 0.47 

0.40 I.97 

shift and quadrupole splitting, and it has 
been assigned to Fe?+ cations held in sites 
of low coordination on the surface. These 
cations are capable of adsorbing molecules 
from the gas phase such as NO, H20, and 
NHJ. 

Adsorption of pyridine on the Fe/TiO* 
sample followed by degassing in H2 at 423 
K gave the Mossbauer spectrum shown in 
Fig. 8C. As can be seen, the inner doublet 
essentially disappears and the outermost 
doublet increases in spectral area upon ad- 
sorption of pyridine. This outermost dou- 
blet has an isomer shift of 1.0 mm/s and a 
quadrupole splitting of 2.5 mm/s. Because 
all of the doublets overlap, assignments 

were not trivial. The Fe3+ doublet was con- 
strained to be at the same position as in the 
fully oxidized sample. Next, the two spec- 
tra B and C were subtracted to reveal the 
changes upon the adsorption of pyridine. 
The innermost and outermost doublets that 
changed in area were fixed by this proce- 
dure. Next, holding these constant, the 
spectra were refit to obtain parameters for 
the outer doublet, or the largest area Fe2+ 
doublet that does not change with the ad- 
sorption of pyridine. Once this doublet was 
fit, all of its parameters were fixed including 
the dip and width. The innermost and out- 
ermost doublets that are perturbed by pyri- 
dine were then refit. Finally, after obtaining 
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FIG. 9. Gravimetric measurements of pyridine ad- 
sorption on 0.6 wt% Fe/TiOz: (+) Ti02 after oxidation 
in O2 at 723 K; (0) TiOz after reduction in HZ at 723 K; 
(+) Fe/TiO* after oxidation in O2 at 723 K; (0) Fe/ 
TiOz after reduction in H2 at 723 K. 

a good fit for the entire spectrum, all three 
doublets were left unconstrained to obtain 
the best fit. Desorption of pyridine at 550 K 
gave a spectrum with a ratio of the inner 
doublet to the outermost doublet intermedi- 
ate between the ones with and without pyri- 
dine. The original spectrum was obtained 
after degassing at 673 K. Thus Mossbauer 
spectroscopy shows evidence for acid sites 
associated with iron on the surface of TiOz. 

Pyridine adsorption measurements. The 
results of the gravimetric measurements of 
pyridine adsorption are shown in Fig. 9. 
The two upper curves are for Ti02 alone 
after oxidation and reduction at 723 K. It is 
interesting that the reduction of TiO;! in HZ 
at 723 K, which produces Ti3+ as evidenced 
by the intense blue color of the sample as 
well as complete opacity in the IR, does not 
affect the pyridine adsorption. This is in 
contrast with catalytic work in which Ti3+, 
which makes TiOz an n-type semiconduc- 
tor, can act as a base toward probe reac- 
tions (38, 39). Thus, it can be concluded 
that, while Ti3+ can affect the basic proper- 
ties of the oxygen anions by being a source 
of electrons, this does not alter the acidity 
of the surface. Either the surface cations 
remain Ti4+ after reduction or the same sur- 

face concentration of Ti3+ exists for the oxi- 
dized and reduced samples (since both sam- 
ples are treated under vacuum for 0.5 h at 
723 K prior to pyridine adsorption studies). 

Addition of Fe to the sample has a 
marked effect on the adsorption of pyri- 
dine, as shown in Fig. 9. The Fe poisons 
some of the weaker acid sites in both the 
oxidized and reduced states. The number of 
sites corresponds to 30% of the added Fe. 
The Mossbauer spectra indicate that there 
are acid sites associated with Fe, corre- 
sponding to 20% of the spectral area. 
Hence, it can be estimated that half of the 
added Fe cations are selectively adsorbed 
on the surface of titania, either blocking 
acid sites or creating new acid sites. This 
has been observed previously by Murrell 
and Garten (27). Similar behavior was also 
observed for a sample of Ti dispersed on 
SiOZ (40). Specifically, Rh added to the sur- 
face of Ti/SiOz decreased monotonically 
the number of acid sites that were originally 
generated by the addition of Ti to SiO*. 

A difference between the oxidized and 
reduced Fe/TiOz samples can be seen in 
Fig. 9 with respect to the desorption of 
pyridine at progressively higher tempera- 
tures. The reduced sample follows the same 
curve of adsorption versus evacuation tem- 
perature as the TiOz blanks. Thus, there is 
no increase in the strength of the acid sites 
for Fe2+ above that of TiO;! alone, even 
though it has been proven by Mossbauer 
spectroscopy that there are acid sites on 
Fe2+. The curve for the oxidized Fe/ 
TiO2 sample, however, crosses the line of 
the Ti02 blanks at 623 K. At the 723 K 
evacuation temperature, there is a larger 
amount of pyridine adsorbed on Fe/Ti02 
than on the Ti02 blank. This is evidence 
that the addition of Fe3+ to Ti02 creates 
new, stronger acid sites. 

Infrared spectra of pyridine adsorbed on 
Ti02 and Fe/Ti02 are shown in Figs. IOA- 
C and IOD-F, respectively. The corre- 
sponding band frequencies are summarized 
in Table 8. It can be seen that peaks for 
Lewis acid sites are present. The peak 
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FIG. 10. Infrared spectra of pyridine adsorbed on 
TiOz (A-C) and 0.6 wt% Fe/TiO? (D-F) after oxida- 
tion in O2 at 723 K. Evacuation temperature and pres- 
sure: (A) 423 K, 1 x lo--’ Torr; (B) 423 K, 2 X 10m4 
Torr; (C) 523 K, 2 x 10m4 Torr; (D) 423 K, 7 x 10m4 
Torr; (E) 423 K, 2 x 10m4 Torr; (F) 523 K, I x 10 4 
Torr. 

shapes are not symmetrical indicating that 
there is a distribution of sites, with a major 
amount being stronger sites that absorb at 
higher frequencies. In spectra A-C for 
TiOz, the 8a peak shifts in an abrupt manner 
from 1604 to 1607 and 1612 cm-’ upon evac- 
uation. This behavior has been assigned 
previously (42) to three distinct types of 
coordinatively unsaturated Ti cations. The 
large frequency shift between spectra A 
and B can be attributed to the loss of physi- 
sorbed pyridine. After evacuation at 623 K, 
the sample became opaque to the IR beam 
because of the formation of Ti3+, and no 
pyridine bands could be detected through 
the sample at this or the 723 K evacuation. 
There is also a small peak at 1642 cm-l. 
This has been assigned to a combination 
mode of the (1 + 6a) vibrations (41). This is 
not part of a Bronsted acid peak because 
there is no corresponding peak at 1540 
cm-‘. 

The addition of Fe3+ to the titania surface 

does not significantly alter the infrared 
spectra, as shown in Figs. IOD-F. The ma- 
jor difference is the sharpening of the 8a 
peak near 1610 cm-‘, which then increases 
the intensity ratio of the 8a to 19b band. 
Note also that the peak maxima do not shift 
as much with evacuation. This is a result of 
the narrower peak. This is consistent with 
the poisoning of the weak sites by Fe sug- 
gested by the gravimetric measurements. It 
should be remembered that pyridine on 
Fe3+ is expected to give a band at 1611 
cm-‘, which overlaps with the band for 
pyridine on TiOZ. However, the sharpening 
of the bands gives evidence for the effect of 
Fe3+ in changing the acid site strength dis- 
tribution on TiO*. Finally, IR studies of 
pyridine adsorbed on Fe2+ cations on tita- 
nia could not be conducted because reduc- 
tion of the Fe/TiO:! sample makes TiOz 
opaque before any pyridine is added, and 
no pyridine peaks can be observed in the 
infrared transmission mode. 

TABLE 8 

Infrared Absorption Frequencies (cm-‘) for Spectra 
of Pyridine Adsorbed on Ti02 and 0.6 wt% Fe/TiO? 

Shown in Fig. 10 

Spectra A-C: 
TiOz 

Type Band 

LPY 19b 
1% 
8b 
8a 

Spectra D-E: 
Fe/TiOz 

‘be Band 

Evacuation treatment: 
temperature and 
pressure (Tort) 

423 K, 423 K, 523 K, 
I x 10-3 2 x IO 4 2 x 10-d 

1445 1446 1448 
1494 1494 1493 
1576 1576 1576 
1604 1607 1612 

423 K, 423 K, 523 K, 
7 x 10-d 2 x 10-d 1 x 10-d 

LPY 19b 1447 1447 1448 
19a 1494 1494 1495 
8b 1576 1576 1576 
8a 1608 1608 1610 

Note. LPY = Lewis pyridine. 



228 CONNELL AND DUMESIC 

TABLE 9 

Metal-to-Oxygen Bond Strengths of the Host Oxides 
Based on Heats of Formation at 298 Ka 

Oxide 

MgO 
A1203 

Ti02 
Si02 

Metal-to-oxygen bond strength (kJ/mol) 

Reference state: 
Neutral species Charged species 

166 660 
293 1495 
314 2040 
315 3195 

u Heats of formation from Ref. (42); ionization 
energies and electron affinities from Ref. (43). 

DISCUSSION 

Single Component Oxides 

In this study, comparisons can be made 
of the acidities of the various oxides be- 
cause all of the data have been collected 
under internally consistent conditions. In 
this respect, it is useful to consider metal- 
oxygen bond strengths, electronegativity 
and Pauling’s electrostatic bond strength, 
combined with ideas of coordination and 
geometry. 

The metal-to-oxygen bond strengths for 
the host oxides used in this study are given 
in Table 9. These were calculated as the 
heats per mole of oxygen atoms required to 
form neutral gaseous metal and oxygen at- 
oms from the oxide. The heat has been di- 
vided by the coordination of oxygen to give 
the strength of each metal-to-oxygen bond. 
An average oxygen coordination of 3.5 
has been used for A120j. As can be seen, 
MgO has the lowest metal-to-oxygen bond 
strength, whereas SiOZ, TiOz, and A1203 
have considerably higher strengths. How- 
ever, when an anion is removed from a cat- 
ion, charged species are created. Hence the 
bond strength is also given assuming that 
the oxide is formed from the gaseous metal 
cations and oxygen anions. In this case the 
oxide ordering remains the same but there 
is a larger difference between A1203, Ti02, 
and SiOZ. In the oxide the electrons are not 

completely removed from the cations so 
that the reference state is not fully ionized 
cations or neutrals. The true situation is in- 
termediate between the two cases shown. 
In both situations the metal-to-oxygen bond 
strength is ranked in the order of MgO < 
A1203 < Ti02 < SiOZ. It should be noted 
that this same ordering exists if the bond 
strength is calculated as a weighted average 
between the above two extreme values, us- 
ing electronegativity values to estimate the 
charge of the oxygen anions (44, 45). 

As is known from the literature, MgO 
and SiOZ do not contain acid sites of either 
the Bronsted or Lewis type. The low San- 
derson electronegativity of MgO (3.22) 
combined with the octahedral coordination 
of Mg dictates that MgO will be basic. Since 
the coordination of each magnesium and 
oxygen atom is six, coordinative unsatura- 
tion of the cation by one ligand takes only Q 
of the crystal stabilization energy. The low 
metal-to-oxygen bond strength also leads to 
a small amount of energy to unsaturate the 
cation. Hence, the driving force to com- 
plete saturation by adsorption of an elec- 
tron donating molecule is small. The low 
electronegativity also means that oxygen 
anions attract negative charge from magne- 
sium cations. The donation of negative 
charge to an acceptor thus has a large driv- 
ing force and MgO is basic. 

Silica, on the other hand, has a high San- 
derson electronegativity (4.14) and lower 
coordination numbers. The higher electro- 
negativity indicates that silicon cations 
compete effectively with oxygen anions for 
negative charge. This leads to covalent 
bonding. The coordination of four for Si 
and two for oxygen also indicates that 
breaking one Si-0 bond requires a large 
amount of energy. A coordinatively unsatu- 
rated Si4+ cation would thus be in a high 
energy state, and there would be a large 
driving force to resaturate the Si4+ cations. 
The driving force is such that coor- 
dinatively unsaturated Si4+ would readily 
dissociate an HZ0 molecule to form surface 
hydroxyl groups (46). In addition, any oxy- 
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gen that has had a Si-0 bond broken will 
be missing half of its coordination and will 
accept a proton from the available H20. 
This proton will be strongly held and thus 
not be acidic. Thus, acid sites are not gen- 
erally observed on silica, as was the case in 
the present study. 

Conversely, alumina and titania exhib- 
ited large numbers of acid sites in this 
study. Alumina has a high electronegativity 
(3.72) but not as high as Si02 (4.14). In addi- 
tion, the crystal structure of y-A1203 has Al 
in both four- and sixfold coordinations, and 
oxygen has an average coordination be- 
tween three and four. Breaking one of the 
six Al-O bonds for an octahedral Al does 
not take as much energy as for the case of 
SiOZ. Thus, coordinatively unsaturated 
AP+ cations can be formed by removing 
water from the surface at the temperatures 
used in this work. The breaking of an 
Al-O bond of a tetrahedral Al requires 
more energy, but coordinatively unsatu- 
rated cations are apparently also produced 
on the surface. These ideas of strength per 
bond are reflected in the electrostatic bond 
strength of Pauling (6). Its usefulness is 
demonstrated in the present study in that 
the tetrahedral Al cations appear to be 
stronger acid sites than octahedral Al cat- 
ions. This is evidenced in the infrared spec- 
troscopy of adsorbed pyridine on (Y- and y- 
A1203. Interestingly, the numbers of acid 
sites on (Y-AI*O~ and y-AlzOj are compara- 
ble. Hence, whether the Al cations are tet- 
rahedrally or octahedrally coordinated does 
not change the number of sites; i.e., only 
the strength of the acid sites is affected by 
the coordination. 

The electronegativity of titania (3.36) is 
lower than that of alumina and the coordi- 
nation of the titanium cations is six. Ac- 
cordingly, it could be suggested that titania 
should be less acidic than alumina. How- 
ever, the coordination of the oxygen anions 
in titania (i.e., 3) is lower than that in alu- 
mina. Furthermore, titania acts as an acid 
toward catalytic probe reactions, and the 
isoelectric point of titania in aqueous solu- 

tion is at slightly lower pH than for alumina 
(47). Thus, titania and alumina may well 
show similar acidic properties. Indeed, of 
the oxides investigated in this study, titania 
showed the greatest number of acid sites 
per surface area. 

In summary, as the electronegativity in- 
creases, the covalency of the bonding in- 
creases along with the acidic character. The 
coordination participates in determining the 
acidic or basic character as well. Lower 
cation and anion coordinations generally 
lead to stronger acid sites. The number of 
acid sites observed by adsorption methods 
is dependent on the acid strength because 
only a range of acid strengths are deemed to 
be acids. With low acid strength, basic 
probe molecules are not chemisorbed on 
the surface and no acid sites are measured. 
As the acid strength increases, more acid 
sites are measured. Finally, as the acid 
strength increases further, the number of 
measured acid sites decreases because only 
neutralized acid sites are encountered on 
the surface (e.g., sites that have reacted 
with water). Thus, the number of acid sites 
measured goes through a maximum when 
plotted against the acid strength. 

Supported Iron Oxide Samples 

The addition of iron to the above oxides 
adds several complicating factors from an 
experimental viewpoint which must be ad- 
dressed before the discussion of the chemi- 
cal effects. First, it is important whether 
the dopant cations are on the surface. The 
added cations may diffuse into the bulk and 
thus not participate in surface reactions. 
The added cation may also form a com- 
pound with the host oxide, and as such it 
may participate in establishing the oxygen 
charge and coordination. This will ulti- 
mately affect the way any other foreign cat- 
ions are bonded to the surface as well as 
affect the inherent acidity of the oxide. Fi- 
nally, it must be remembered that if the 
number of acid sites on the host oxide alone 
is too high, the effect of adding a small 
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amount of dopant cannot be measured 
within experimental error. 

The results of the present study can be 
discussed with these factors in mind. Add- 
ing Fe to MgO does not generate new acid 
sites. The high coordination number of oxy- 
gen (i.e., 6) dictates that many iron-to-oxy- 
gen bonds are required to provide for 
charge neutrality of iron. For example, 
based on the formal charges of two for Mg 
and 0, six Fe-O bonds would be needed 
to coordinate Fe2+. The full coordination of 
Fe by oxygen is evidenced by the lack of 
acid sites. Furthermore, a fraction of the 
Fe2+ diffused into the MgO support, and the 
Fe3+ was present as magnesium ferrite. An- 
other reason for the lack of acidity for Fe/ 
MgO is that the basic character of the oxy- 
gen anions may neutralize any acid sites 
formed. 

On alumina, a small number of new acid 
sites is apparently observed after the addi- 
tion of Fe. In this case, basic anions are not 
present to neutralize acid sites. The aver- 
age coordination of oxygen is between 
three and four so that the Pauling electro- 
static bond strength of each bond is greater 
than for MgO. Coordinatively unsaturated 
Fe cations may be expected on the surface 
without violating charge neutrality. Based 
on the formal charges, an Fe2+ cation needs 
four Fe-O bonds and Fe3+ requires six. 
However, there is evidence for compound 
formation which prevents most of the iron 
from becoming acidic. Formation of the 
aluminum spine1 is facile in that both y- 
Al203 and FeA1204 have the same struc- 
ture. There were, however, some Fe cat- 
ions on the surface. Room temperature 
oxidation completely oxidized a reduced 
sample. In addition, Mossbauer spectra 
taken but not explicitly reported indicated 
that 75% of the iron was perturbed by reac- 
tion with 1 atm of NO. 

New acid sites are formed upon addition 
of iron to titania. In addition, the number of 
acid sites on Ti02 decreases. Thus, the oxy- 
gen anions associated with Fe apparently 
coordinate with Ti. The iron is held on tita- 

nia in sites of low coordination, as observed 
with Mdssbauer spectroscopy. The coordi- 
nation of the oxygen anions in titania is 
three, and this makes it possible to hold 
Fe2+ on the surface with enough bonds to 
provide for charge neutrality, yet leave it 
coordinatively unsaturated. Using Paul- 
ing’s electrostatic bonding rules, one needs 
three Fe-O bonds for Fe2+ and 4.5 bonds 
for Fe3+. Iron cations of low coordination 
chemisorb pyridine and hence are acidic. 
Iron 3+ has a higher electronegativity than 
Ti4+ and hence the strength of the acid sites 
is higher for Fe3+ than for Ti4+. This was 
observed with the gravimetric adsorption 
measurements. Iron 2+, on the other hand, 
is not much different from Ti02 in electro- 
negativity. Therefore, no enhancement of 
the acid strength was observed. 

Finally, the number of acid sites has been 
shown to be greatly increased by adding Fe 
to Si02 (4). Experimentally this is an ideal 
system because the absence of acidity on 
Si02 allows for unequivocal measurements 
of the acidity on Fe. The Si4+ cations are 
small and the structure of silica is such that 
Fe will not dissolve into the bulk. There is 
formation of Fe/SiOz complexes only on 
the surface. The oxygen coordination of 
two in SiO2 leads to the prediction that SiO3 
may be capable of holding Fe2+ cations in 
sites of low coordination, thus leaving them 
coordinatively unsaturated. Indeed, Moss- 
bauer spectroscopy shows evidence that 
70% of the Fe cations are in sites of low 
coordination. In a formal sense, only two 
bonds are required to hold an Fe2+ cation in 
that oxidation state and only three are re- 
quired for an Fe3+ cation. 

Model of Lewis Acidity 

It should be noted that Bronsted acid 
sites were not observed on this series of 
samples prepared by depositing iron on 
MgO, Al2O3, Ti02, and Si02. The acid sites 
were all of the Lewis type and their exis- 
tence can be explained in terms of unsatu- 
rated cations in various structures. This is 
in contrast to the Tanabe model (5) which 
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predicts Bronsted acidity for Fe2+/A1203, 
Fe2+/Ti0 2, Fe*+/Si02, Fe3+/Ti02, and 
Fe3+/Si02. It predicts Lewis acidity for 
Fe3+/Mg0 and no acidity for Fe2+/Mg0 
and Fe3+/A1203. Therefore, the Tanabe 
mode1 correctly predicts the acidity for 
only one out of eight systems and this is for 
Fe2+/Mg0 in which no acidity is predicted 
or observed. It should be noted that the 
Tanabe model was originally proposed for 
mixed metal oxides, and we have attempted 
here to extend this model to supported 
metal oxides. 

The mode1 proposed here for acidity is 
somewhat like the Tanabe mode1 in form 
but not in conclusion. The important pa- 
rameter in the generation of new acid sites 
on the surface of mixed oxides is the struc- 
ture of sites. Lewis acidity is described in 
terms of coordinatively unsaturated cat- 
ions, as shown by Mossbauer spectroscopy 
for Fe on both Si02 and TiOz. Hence, to 
have Lewis acidity for a binary oxide one 
must have coordinatively unsaturated cat- 
ions on the surface. However, this is a nec- 
essary not a sufficient condition. The char- 
acter of the host oxide must be acidic or at 
least not strongly basic. For example, un- 
saturated Mg cations may well be present 
on MgO; however, no acid sites are ob- 
served. Yet, when Mg is placed on Si02, 
the coordinatively unsaturated cations are 
acidic (7, 48). Further evidence that a sur- 
face free of strong basic sites is required is 
the fact that preadsorption of CO2 on ZnO 
increases the strength of the acid sites (49). 

In short, a coordinatively unsaturated 
cation free from strong basic oxygen anions 
is the mode1 of Lewis acid sites proposed. 
On acidic surfaces this is favored by doping 
a cation that cannot easily form a solid solu- 
tion or a crystalline mixed oxide. The mix- 
ture should be such that the dopant cation 
will remain on the surface yet be bonded to 
the host oxide sufficiently strongly that it 
does not sinter into particles of its own ox- 
ide. Pauling’s electrostatic bonding rules 
can be used as a guide in predicting the be- 
havior. If the required number of cation-to- 

oxygen bonds to provide for charge neutral- 
ity of the dopant cation is less than or equal 
to four, one apparently has a good chance 
of forming unsaturated cations. As the pre- 
dicted coordination number decreases, the 
probability of forming acid sites becomes 
greater. 

The strength of the Lewis acid sites has 
not been addressed in the present paper; 
i.e., this mode1 only predicts the existence 
of Lewis acids. A prediction of Bronsted 
acidity is also not covered in these predic- 
tions. It will be shown elsewhere (7) that 
the Lewis acid strength can be correlated 
with electronegativity for a given geometry. 
The existence of Bronsted acidity will be 
explained in terms of a special bonding con- 
figuration which gives this type of acid site. 

CONCLUSIONS 

Pyridine adsorption was used to identify 
Lewis acid sites on the surface of Al203 and 
Ti02. No acid sites were observed for MgO 
and Si02 (4). These data were explained in 
terms of coordination, metal-oxygen bond 
strength and electronegativity. 

The addition of Fe to the surface of Ti02 
and SiO2 altered the acidic properties. New 
acid sites as a result of the added Fe were 
observed in conjunction with the appear- 
ance of low coordination Fe cations on the 
surface. These coordinatively unsaturated 
iron cations were proven by Mossbauer 
spectroscopy to be acidic. There was no 
evidence for coordinatively unsaturated Fe 
on MgO or Al203 and little or no new acid- 
ity was observed for these systems upon 
addition of iron. 

The acidity of binary oxides formed by 
doping one oxide onto another has been 
modeled based on the structural environ- 
ment of the acid sites. A mode1 of Lewis 
acidity is proposed that gives a criterion for 
the existence of coordinatively unsaturated 
cations on the surface. One simply calcu- 
lates the number of bonds required for the 
dopant cation to be electrically neutral in 
the host oxide. If this number is less than or 
equal to four, Lewis acidity is predicted to 
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be observed for the dopant cations that are 
on the surface of the oxide. This model in- 
cludes the predictions of the Tanabe model 
because both models utilize similar assump- 
tions regarding the anion and cation coordi- 
nations. 
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