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Acidic Properties of Binary Oxide Catalysts 

I. Mtissbauer Spectroscopy and Pyridine Adsorption for Iron Supported on Silica 

GLEN CONNELL' AND J. A. DUMESIC? 

Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706 

The acidic properties of 0.5 and 1 .O wt% iron supported on silica were probed by adsorption of 
pyridine, as studied by gravimetric measurements and infrared spectroscopy. The state of iron on 
silica was monitored by Mossbauer spectroscopy. This latter technique showed evidence for three 
types of Fe cations on the surface of silica, i.e., trivalent iron and two states of divalent iron having 
low and high coordination, respectively. Addition of iron to the silica generated Lewis acid sites on 
the surface, while little or no acidity existed on the silica surface alone. These new acid sites were 
shown to be iron cations in sites of low coordination. Infrared spectroscopy and gravimetric 
measurements of adsorbed pyridine indicated that the trivalent iron cations were stronger Lewis 
acids than divalent iron cations. The strength differences of the different oxidation states is ex- 
plained on the basis of electronegativity differences. 0 I986 Academic Pres Inc. 

INTRODUCTION 

Understanding the acidic properties of 
metal oxides is an important step toward 
the effective utilization of these materials in 
adsorptive and catalytic processes. Indeed, 
there is special interest in the properties of 
mixed metal oxides because of the ability to 
vary the acidic properties of these materials 
by choosing different metal oxide constitu- 
ents at different concentrations (I, 2). In 
general, however, the materials prepared 
from arbitrary combinations of metal ox- 
ides may have complex structures. For ex- 
ample, the material may not be monophasic 
or of uniform composition. This has slowed 
progress in understanding the acidic prop- 
erties of these materials. For this reason, a 
study was undertaken of acid sites on 
model, binary oxides formed by doping one 
metal oxide at low concentrations onto the 
surface of a second metal oxide. Conceptu- 
ally, in the limit of dilute binary oxides the 
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major component controls the oxide struc- 
ture and the dopant surface concentration 
controls the number of new acid sites. In 
the present paper, the acidic properties of 
iron oxide supported on silica will be re- 
ported. In a second paper (3), the acidic 
properties of iron oxide will be examined 
on a series of different oxide supports 
(A1203, TiOz, MgO); and, in a subse- 
quent paper (4), the acidic properties of a 
series of different metal cations on silica 
will be studied. Throughout these studies 
we will attempt to relate the strength and 
type (i.e., Lewis versus Bronsted) of the 
acid sites to the nature of the dopant metal 
cation and the properties and structure of 
the oxide support. 

It has been shown previously in the liter- 
ature that one can generate new acid sites 
on the surface of a metal oxide by adding 
small amounts of a second oxide, with es- 
sentially one new acid site formed for each 
added cation (5-7). It is generally assumed, 
for example, that Lewis acidity is generated 
by the formation of coordinatively unsatu- 
rated metal cations on the surface. For the 
case of iron oxide supported on silica, it has 
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also been shown by Mossbauer spectros- 
copy that iron cations of low coordination 
are present at iron loadings typically lower 
than 1 wt% (e.g., Refs. (8-11)). In addition, 
it has been demonstrated that ammonia ad- 
sorbs on these coordinatively unsaturated 
iron cations (9). Thus, materials prepared 
by doping iron onto silica should provide a 
useful basis for probing the acidic proper- 
ties of metal cations on surfaces, since the 
iron cations have been shown to be acidic 
and Mossbauer spectroscopy can be used 
to monitor the chemical state and coordina- 
tion of these iron cations on the surface. 
This is the strategy of the present paper. 

A variety of techniques can be used to 
study the acidic properties of solid surfaces 
(e.g., Refs. (I, 2, 12)). For example, the 
number and strength of acid sites have been 
titrated using Hammett indicators. The cat- 
alytic properties of these sites have been 
studied by measuring rates and selectivities 
of reactions catalyzed by acid sites. Impor- 
tantly, the number, strength and type of 
acid sites have also been probed by study- 
ing the adsorption of basic molecules. The 
present study utilizes the latter method to 
study the acidic properties of iron cations 
supported on silica. Pyridine is the basic 
molecule used to probe the acid sites. Grav- 
imetric measurements of the amount of ad- 
sorbed pyridine at different temperatures 
are used to determine the number of acid 
sites, and infrared spectroscopy of the ad- 
sorbed pyridine is employed to determine 
the nature of the acid sites and to probe the 
strength of these sites. 

EXPERIMENTAL 

Sample Preparation 

Samples were prepared by incipient wet- 
ness impregnation. One cm3 of an iron(II1) 
nitrate solution (Alfa Ventron 99.999%) 
was added dropwise per gram of silica 
(Cab-0-Sil, Grade S-17). The concentration 
of the impregnation solution was adjusted 
to give an iron loading of either 0.5 or 1.0 
wt%. The samples were then treated at 400 

K in air for 24 h. Samples were subse- 
quently treated in the appropriate appa- 
ratus for the measurement of pyridine ad- 
sorption, as described below. 

Messbauer Spectroscopy 

Samples for Mossbauer spectroscopy 
studies were made utilizing iron enriched 
with 57Fe. Samples used contained 0.5 wt% 
Fe. They were pressed into 250-mg pellets 
and placed into a quartz holder in a Mbss- 
bauer cell described previously (13). Sam- 
ples were then treated in flowing gases and 
spectra were subsequently collected at 
room temperature in 250 kPa of the treat- 
ment gas. 

All spectra were computer-fit using a 
modified version of MFIT (14). The spec- 
trometer was calibrated with a sodium ni- 
troprusside standard. All spectra are re- 
ported relative to metallic iron at room 
temperature. The Mossbauer spectroscopy 
cell utilizes Be windows which contain an 
iron impurity. This has been accounted for 
by fitting the spectra with an additional 
doublet for this iron impurity. The doublet 
has been fit by constraining the peak posi- 
tions to be equal to those determined from 
Mossbauer spectra of the windows alone, 
but allowing the dip and width of these 
peaks to vary. However, the final best fit 
was obtained after constraining the doublet 
due to Fe in Be windows to be the same for 
all spectra taken with the same sample. 
This window spectrum has been numeri- 
cally subtracted from all the spectra shown 
here. 

Gravimetric Adsorption Measurements 

Pellets formed from 400 mg of Fe/SiO;? 
were pressed and then placed in the pan of 
a quartz spring balance (Worden). The bal- 
ance was connected to a diffusion-pumped 
glass system which achieved an ultimate 
dynamic pressure of lop6 Torr (1 Tot-r = 
133.3 Pa). In addition to the diffusion 
pump, a molecular sieve (13X) trap held at 
77 K was positioned close to the sample. 
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Reduction and oxidation treatments were 
carried out by passing the appropriate gas- 
ses through the balance system. Hydrogen 
was purified by passage through a Deoxo 
unit (Engelhard) followed by a molecular 
sieve trap (13X) held at 77 K. The oxygen 
was purified by passage through a molecu- 
lar sieve trap held at 195 K. 

The sample was treated in three different 
ways to produce different types of surfaces. 
The initial treatment consisted of reduction 
in flowing H2 at 673 K for 4 h followed by 
evacuation for 1 h to a pressure of 5 X 1O-5 
Torr. After this initial treatment, two sub- 
sequent treatments were carried out: (i) ox- 
idation in O2 at 423 K for 1 h followed by 
reduction in H2 at 498 K for 4 h; and (ii) 
oxidation in O2 at 423 K for 1 h. After treat- 
ment, the sample was evacuated at the last 
treatment temperature to a pressure of 5 X 
lop5 Torr, cooled in vacuum to 423 K, and 
allowed to equilibrate with pyridine at 423 
K. Pyridine (Mallinckrot Spectrophotomet- 
ric Grade) was purified by storage over acti- 
vated molecular sieve (13X) in a glass bulb 
connected to the apparatus. The pyridine 
was degassed by repetitive freeze-pump- 
thaw cycles. The pyridine was then kept at 
273 K in an ice bath prior to and during 
adsorption. This gives a partial pressure of 
pyridine of 4.8 Tot-r. After the sample was 
allowed to come to equilibrium with pyri- 
dine for 1 h, it was subsequently evacuated 
until the ionization gauge located near the 
entrance to the diffusion pump had reached 
a pressure of 3 x 10m5 Torr. Because pyri- 
dine physisorbs strongly to many surfaces 
including the glass walls of the apparatus, 
this evacuation was carried out overnight 
(However, this pressure was reached after 
5 h of evacuation.) The sample was then 
heated successively to 523,623, and 673 K, 
with evacuation to a pressure of 3 x 1O-5 
Torr at each temperature. The sample 
weight was measured at each temperature. 
The weight as well as infrared spectroscopy 
evidence (to be presented later) indicate 
that all the adsorbed pyridine had desorbed 
after evacuation at 673 K. 

Infrared Spectroscopy 

Infrared spectra were collected using a 
Nicolet 7199 Fourier transform infrared 
spectrometer operated with a spectral reso- 
lution of 1 cm-‘. All spectra were collected 
at beam temperature (ca. 310 K). 

The samples were pressed into a wafer 
with a density of 55 mg/cm’ and placed into 
a stainless-steel holder which fits in a heat- 
able IR cell. The cell consists of a section of 
Pyrex glass where the sample is held during 
high-temperature treatments and an alumi- 
num section containing CaF2 windows 
where the sample is held during collection 
of IR spectra. The sample is moved be- 
tween these two sections along a stainless- 
steel track. The IR cell also contains a mo- 
lecular sieve (13X) trap held at 77 K to aid 
in the evacuation of pyridine. 

The samples were treated in flowing gas- 
ses for 4 h using the same conditions as for 
the gravimetric adsorption measurements. 
Prior to the adsorption of pyridine a back- 
ground IR spectrum was collected, and this 
spectrum has been subtracted from all of 
the spectra shown here. The pyridine was 
then adsorbed at 423 K for 0.5 h followed 
by evacuation of the sample at 423 K for 0.5 
h. At this point the pressure of pyridine was 
ca. 1 x 10m3 Torr. Helium (ca. 400 Torr) 
was admitted to the cell as a heat transfer 
medium and the sample cooled to room 
temperature prior to collecting a spectrum. 
The sample was then reheated to 423 K in 
He and evacuated for an additional 0.75 h, 
which reduced the pressure of pyridine to 
1 x 10e4 Torr. An IR spectrum was then 
collected after cooling the sample at this 
point. The sample was subsequently evacu- 
ated at 523, 623, and 673 K to a pressure of 
1 x 1O-4 Torr and additional spectra col- 
lected after each evacuation. 

RESULTS 

Miissbauer Spectroscopy 
Initial reduction of the 0.5 wt% Fe/Si02 

sample at 673 K followed by oxidation of 
the sample at 423 K led to the spectrum 
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FIG. 1. Room-temperature Miissbauer spectra for 
0.5 wt% Fe/SiOz: (A) after reduction in Hz at 673 K 
followed by oxidation in O2 at 423 K; (B) after reduc- 
tion in H2 at 498 K; (C) after reduction in Hz at 673 K. 

shown in Fig. 1A. The Mossbauer parame- 
ters are listed in Table 1. This spectrum has 
been fit with a single Fe3+ doublet. The 
broadness and unequal areas of the two 
peaks are not fit exactly with one doublet; 
however, fitting the spectrum with addi- 
tional peaks does not seem justifiable. The 
quadrupole splitting is high for Fe3+, indi- 
cating that the cations are in sites of high 
distortion. In addition, the peaks are broad, 
indicating that there is a distribution of sites 
in which the Fe3+ is bonded to SiO2. 

Reduction of the sample at 498 K for 4 h 
in Hz produced the spectrum shown in Fig. 
1B. Here it can be seen that much of the 
Fe3+ remains, but some Fe*+ also appears 
in the spectrum. Reduction of the sample at 
673 K led to the spectrum shown in Fig. lC, 
according to which all of the iron is present 
as Fe*+. The spectral contributions from 
Fe*+ in both Figs. 1B and C were fit with 

two doublets, the parameters of which are 
given in Table 1. Indeed, the rationale for 
fitting Fe*+ with two doublets has been dis- 
cussed in the literature (e.g., Refs. (8-11)). 
These two doublets have been denoted as 
the inner and outer doublets. The inner 
doublet, with the smaller isomer shift and 
quadrupole splitting, has been assigned to 
Fe*+ cations in sites of low coordination. 
That is, they are bonded to the Si02 surface 
yet they are also coordinatively unsatu- 
rated. Hence they are accessible to the gas 
phase and are capable of adsorbing mole- 
cules. Making the assumption that the -y-ray 
absorption factors are equal for all iron 
phases one can estimate that about 70% of 
the Fe on the sample is in the low coordina- 
tion state after reduction at 673 K. The 
outer doublet has a higher isomer shift and 
quadrupole splitting and has been assigned 
to Fe*+ cations in sites of higher coordina- 
tion. They are essentially saturated with re- 
spect to ligands. These assignments are 
based on work in which H20, NH3, metha- 
nol (9), and NO (8) were adsorbed onto the 
surface resulting in changes in the Moss- 
bauer spectrum. Methanol, water, and am- 
monia converted inner doublet to outer 
doublet upon adsorption, i.e., low coordi- 
nation Fe was converted to high coordina- 
tion Fe upon adsorption of these molecules. 
The initial outer doublet and the new outer 
doublet formed upon adsorption are indis- 
tinguishable. Apparently, Mossbauer spec- 
troscopy is not sufficiently sensitive to sep- 
arate the two high coordination states of 
iron. This is also the case for Fe3+ spectra, 
which do not vary much for Fe on various 
oxides or for adsorption of gas-phase spe- 
cies. The insensitivity of Fe3+ may be a 
result of its half-filled d-shell which leaves 
only lattice contributions to the quadrupole 
splitting. Divalent iron, on the other hand, 
has six d-electrons and hence the quadru- 
pole splitting has contributions both from 
the valence electrons as well as the lattice 
point charges. 

Mossbauer spectra were collected at 6 K 
for two samples to examine further the 
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TABLE I 

Miissbauer Parameters for Spectra of 0.5 wt% Fe/SiOz Shown in Fig. I 
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Species Treatment gas and temperature 

OS, 423 K Hz, 498 K HZ, 673 K 
___~-~ _-- . . - 

Fe” 

Isomer shift 0.29 mm/s 

Quadrupole splitting I.81 mm/s 

Fractional area 

Linewidth (mm/s) 

Area (pet. * mm/s) 

Fe’+ inner doublet 

Isomer shift 0.83 mm/s 

Quadrupale splitting 0.91 mm/s 

Fractional area 

Linewidth (mm/s) 

Area (pet. * mm/s) 

Fe’+ outer doublet 

Isomer shift O.Y8 mm/s 

Quadrupole splitting 1.74 mm/s 

Fractional area 

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

1.00 0.70 

I .08 0.92 

23.09 13.11 

0.18 0.72 

0.92 O-58 

3.41 12.43 

0.12 0.28 

0.11 0.64 

2.22 4.74 
___-- 

state of iron on the silica surface. One sam- 
ple was reduced at 673 K in H2 and the other 
sample was reduced in Hz at 673 K followed 
by oxidation at 295 K in 02. Neither spec- 
trum showed evidence for any sextuplet 
which would occur for large, magnetic par- 
ticles. One can estimate that if any Fez03 
particles are present after oxidation, they 
must be less than about 3 nm in diameter 
(15). Hence, the iron must be spread over 
the SiOz surface in a highly dispersed form. 
Furthermore, reduction of Fe at 673 K in 
HZ should produce metallic iron based on 
thermodynamic and kinetic data for iron in 
the absence of silica (e.g., Refs. (16, 17)). 
This is not observed, indicating that there is 
a strong interaction between Fe and the sil- 
ica surface. 

Three treatments were employed in this 
study to vary the relative amounts of the 
different types of iron on the surface. These 
treatments were oxidation at 423 K, reduc- 
tion at 498 K, and reduction at 673 K. Each 
treatment varied the amount of Fe3+, Fe2+ 

inner doublet, and Fe*+ outer doublet. The 
acidity of samples treated in the three dif- 
ferent ways was then measured to deter- 
mine the relative acidic properties of these 
three types of Fe. 

The fully reduced sample (reduction at 
673 K) was subjected to a gas stream of H2 
containing 4.8 Torr of pyridine at 423 K for 
1 h followed by degassing of the sample in 
H2 for 4 h at 423 K. The resulting spectrum 
is shown in Fig. 2A, with the Miissbauer 
parameters tabulated in Table 2. It can be 
seen that conversion of the Fez+ inner dou- 
blet to outer doublet has occurred. In terms 
of spectral area, about 50% of the iron in 
the sample is altered by the adsorption of 
pyridine. As will be seen, this correlates 
well with the gravimetric adsorption mea- 
surements which show that 50% of the Fe*+ 
cations are acidic. Hence the assumption of 
equal recoil-free fractions for all spectral 
components is justified. Thus, low coordi- 
nation iron has been converted to high co- 
ordination iron upon adsorption of pyri- 



108 CONNELL AND DUMESIC 

-4 -2 0 2 4 
VELOCITY (mm/s) 

FIG. 2. Room-temperature Mossbauer spectra of 0.5 
wt% Fe/Si02 after adsorption of pyridine: (A) after 
reduction in H2 at 673 K followed by pyridine adsorp- 
tion in Hz at 423 K for 1 h and degassing in H2 at 423 K 
for 4 h; (B) after degassing in Hz at 523 K for 4 h; (C) 
after degassing in H2 at 623 K for 4 h. 

dine, and Mossbauer spectroscopy thereby 
demonstrates that the Fe2+ cations in low 
coordination are acid sites. As will be seen 
with the gravimetric adsorption measure- 
ments, there is a distribution of acid site 
strengths of these low coordination Fez+ 
cations. The amorphous character of the 
SiOz surface should lead to a variety of dif- 
ferent bonding sites for Fe on the surface. 
Hence not all the low coordination iron is 
apparently of sufficient acid strength to 
chemisorb pyridine at 423 K. Desorption of 
pyridine at 523 and 623 K results in spectra 
B and C (Fig. 2). The original Mossbauer 
spectrum is obtained after desorption at 673 
K. Thus, the pyridine adsorption does not 
alter the dispersion or reconstruct the Fe on 
the sample, but rather it adsorbs on the iron 
cations and then desorbs at higher tempera- 
tures. 

Mossbauer spectra after adsorption of 
pyridine on the partially reduced samples 
showed the same conversion of inner dou- 
blet to outer doublet but the effect was re- 
duced because of the lesser amount of the 
Fe2+ inner doublet. Pyridine adsorption had 
no major effect on the Fe3+ spectrum. This 
does not necessarily mean that adsorption 

TABLE 2 

Mossbauer Parameters for Spectra of 0.5 wt% FelSiO: after Pyridine 
Adsorption Shown in Fig. 2 

Species Degassing temperature 

423 K 523 K 623 K 

Fe2+ inner doublet 
Isomer shift 0.83 mm/s 
Quadrupole splitting 0.91 mm/s 

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

Fe*+ outer doublet 
Isomer shift 0.98 mm/s 
Quadrupole splitting I .74 mm/s 

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

0.24 0.55 0.67 
0.62 0.59 0.53 
3.97 9.27 Il.37 

0.76 0.45 0.33 
0.68 0.62 0.62 

12.40 7.64 5.60 
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FIG. 3. Gravimetric measurements of pyridine ad- 
sorption on 1 .O and 0.5 wt% Fe/SiOz: (0, dashed line) 
1.0 wt% Fe/SiO* after reduction in HZ at 673 K; (0, 
dashed line) 1.0 wt% Fe/SiOr after reduction in Hz at 
498 K; (+, dashed line) 1.0 wt% Fe/SiOz after reduc- 
tion in H2 at 673 K followed by oxidation in O2 at 423 
K; (+ , solid line) 0.5 wt% Fe/SiO* after reduction in Hz 
at 673 K followed by oxidation in O2 at 423 K; (0, solid 
line) 0.5 wt% Fe/SiO* after reduction in H2 at 673 K; 
(0, solid line) 0.5 wt% Fe/SiOz after reduction in H2 at 
498 K; (0) SiOr after reduction in H2 at 673 K. 

does not occur on Fe3+, but rather that 
Mdssbauer spectroscopy is not sensitive to 
this phenomenon. 

Gruvirnetric Adsorption Meusurements 
of Pyridine 

Gravimetric measurements of pyridine 
adsorption are consistent with the Moss- 
bauer spectroscopy data. The results on 
Si02 as well as for the three treatments of 
Fe/Si02 for two different Fe loadings of 0.5 
and 1 .O wt% are shown in Fig. 3. The curve 
for SiO2 (the lowest one) shows a minor 
amount of adsorption, barely within experi- 
mental detectability. The addition of Fe on 
SiOz increases the adsorption of pyridine. 
All three treatments give approximately the 
same number of sites for the 0.5 wt% sam- 
ple. The amount of adsorption at 423 K cor- 
responds to 50% of the added iron, which is 
what was observed for the conversion of 
inner doublet to outer doublet in the Moss- 
bauer spectra. The data show that the two 
reduced samples exhibit essentially the 

same behavior toward pyridine adsorption. 
The oxidized sample, however, may show 
slightly more adsorption of pyridine. The 
difference between the reduced and oxi- 
dized samples is constant over the entire 
temperature range indicating that there 
might be an error in the initial weight of this 
sample. Hence, the enhanced acidity of the 
oxidized sample over the reduced samples 
may not be real, but the overall acidity of 
Fe/SiOz over SiOZ is clear. 

The results for the I .O wt% Fe/Si02 sam- 
ple confirm the above findings, as seen in 
Fig. 3. Specifically, the 1.0 wt% sample 
shows twice the number of sites at the 423 
K evacuation temperature as the 0.5 wt% 
sample, confirming that 50% of the Fe at- 
oms generate acid sites. As with the 0.5 
wt% sample, the two reduced samples are 
indistinguishable and the oxidized sample 
appears to show adsorption at the higher 
evacuation temperatures. 

Infrared Spectroscopy of Adsorbed 
Pyridine 

Infrared spectroscopy of adsorbed pyri- 
dine was used to determine the acid type 
and to probe the acid strength. The ex- 
pected absorption frequencies for pyridine 
adsorbed on acid surfaces are shown in Ta- 
ble 3. Infrared spectra for pyridine ad- 
sorbed on oxidized Fe/SiOz, fully reduced 
Fe/SiOz and SiOZ are shown in Fig. 4, with 

TABLE 3 

Absorption Frequencies for Pyridine” 

Mode” Frequency (cm ‘) 

Liquid HPY’ LPYd BPY? 

19b 1439 1440-1445 1445-1460 1530-1550 
19a 1478 1480-1490 1478-1490 1478-1490 
8b 1572 1577 1575-1585 1600-1613 
8a 1579 1580-1600 1602-1632 1631-1640 

n Adapted from Ref. (18). 
b Modes as assigned by Ref. (19). 
c Hydrogen-bonded pyridine. 
d Pyridine bonded to a Lewis acid. 
p Pyridine bonded to a Bronsted acid. 
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TABLE 4 

Infrared Absorption Frequencies for Spectra of Pyridine Adsorbed 
on 0.5 wt% Fe/SiOz and SiOz Shown in Fig. 4 

Sample Fe/SiOz Fe/Si02 SiOz 

Treatment gas 
Treatment temperature (K) 
Pyridine desorption temperature (K) 
Pyridine desorption pressure (Torr) 

Band 
19b 
19a 
8b 
8a 

the frequencies listed in Table 4. These 
spectra are after adsorption of pyridine at 
423 K and evacuation at 523 K to a pressure 
of less than 2 x 10m4 Torr. There are two 
major bands for silica (spectrum C) at 1446 
and 1597 cm-‘. These correspond to the 19b 
and 8a bands of pyridine physisorbed on the 
surface. The iron-containing samples show 

1700 1640 1580 1520 1460 1400 
FREQUENCY (cm? 

FIG. 4. Infrared spectra of pyridine adsorbed on 0.5 
wt% Fe/SiOz: (A) reduced in H2 at 673 K followed by 
oxidation in 02 at 423 K, pyridine desorbed at 523 K to 
a pressure of 1 x 10e4 Tot-r; (B) reduced in Hz at 673 
K, pyridine desorbed at 523 K to a pressure of 2 x 
10m4 Tot-r; (C) SiOr reduced in H2 at 673 K, pyridine 
desorbed at 523 K to a pressure of 1 x 10m4 Torr. 

02 Hz H? 
423 673 673 
523 523 523 

1 x IO-4 2 x IO-4 I x IO 4 

Absorption frequency (cm ‘) 
1453 1451 1446 
1491 1491 

1576 1581 
1613 1610 1598 

similar spectra. Spectrum A is for an oxi- 
dized sample treated in OZ at 423 K. The 
major bands occur at 1453 and 1613 cm-‘, 
indicative of Lewis acid sites. Spectrum B 
is for a fully reduced sample, i.e., treated in 
H2 at 673 K. The major peaks occur at 1451 
and 1610 cm-‘. These peaks also corre- 
spond to the 19b and 8a bands for pyridine 
adsorbed on Lewis acid sites. The strength 
of the Lewis acid sites for Fez+ and Fe3+ 

1650 1630 1610 1590 1570 1550 
FREQUENCY (cm41 

FIG. 5. Infrared spectra of the 8a band for pyridine 
adsorbed on 0.5 wt% Fe/SiOr after reduction in H2 at 
498 K. Evacuation temperature and pressure: (A) 423 
K, 1 x lo-) Ton-; (B) 423 K, 2 x 10m4 Torr; (C) 523 
K, 1 x 10d4 Torr; (D) 623 K, I x 10m4 Torr. 
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TABLE 5 

Infrared Absorption Frequencies of the 8a Band for 
Pyridine Adsorbed on 0.5 wt% Fe&O? Treated in Hz 

at 498 K Shown in Fig. 5 

Pyridine desorption: Absorption 
temperature (K); Pressure (Torr) frequency (cm-0 

423; I x 10 i 1612 1606 1598 
423; 2 x 10m4 1611 1606 - 
523; I x 10m4 I611 - - 
623; I x IO 4 1612 - - 

- 

may be different, however, as discussed be- 
low. 

The Miissbauer spectra demonstrated 
that a sample reduced in H2 at 498 K con- 
tains both Fe2+ and Fe’+ on the surface, 
Indeed, infrared spectra of pyridine ad- 
sorbed on such a sample exhibited distinct 
bands for both types of iron. The infrared 
spectra for the 8a band for a sample re- 
duced in Hz at 498 K are depicted in Fig. 5, 
with the absorption frequencies listed in 
Table 5. These spectra are after pyridine 
adsorption at 423 K followed by evacua- 
tion. Spectrum A is after evacuation at 423 
K to a pressure of 1 x IO-’ Torr. As can be 
seen, there are three distinct peaks at 1612, 
1606, and 1598 cm-l. These frequencies 
correspond to the 8a peaks observed under 
similar conditions for pyridine adsorbed 
on Fe3+, Fe?+, and SiOz, respectively. It 
should be noted that as the evacuation tem- 
perature is increased and as the evacuation 
pressure is decreased the bands shift up- 
ward in wavenumber. This is particularly 
true for Fe2+, for which the band positions 
are at 1606 cm-’ at 423 K evacuation but at 
1610 cm-l at 523 K. Evacuation of the sam- 
ple at 423 K to a pressure of 2 x lop4 Torr 
gives spectrum B. Here the band for the 
physisorbed pyridine on SiO2 has been re- 
moved, leaving only bands at 1611 and 1606 
cm-‘. Evacuation of the sample at 523 K to 
a pressure of 1 X lop4 Torr gives spectrum 
C. In this case, the band at 1606 has been 
removed leaving only a peak at 1611 cm-‘. 
Finally spectrum D is after evacuation at 

623 K to a pressure of 1 X 10e4 Torr. Here 
the peak maximum occurs at 1612 cm-l. 
This desorption series thus shows that on 
the partially reduced sample pyridine is 
physisorbed on silica and chemisorbed on 
Fe2+ and Fe3+. The species desorb in the 
order listed above as the evacuation be- 
comes more severe. This is evidence that 
the acid strength decreases in the following 
order: 

Fe3+ > Fe2+ 9 SiO 2 

It is thus demonstrated that the same ele- 
ment in a different oxidation state can have 
different acid strengths, 

The above ordering of acid strength is 
consistent with the gravimetric studies of 
pyridine adsorption on the Fe/SiOz sam- 
ples. In addition, it may be suggested that 
the frequency of the 8a infrared band of ad- 
sorbed pyridine can be correlated with acid 
strength. Specifically, the frequency of this 
band increases with increasing strength of 
pyridine adsorption (i.e., with increasing 
Lewis acid strength). 

DISCUSSION 

The generation of acid sites on the sur- 
face of silica upon doping the surface with 
iron has been demonstrated. The existence 
of new acid sites is proven with gravimetric 
adsorption measurements of pyridine, The 
amount of pyridine adsorbed on the Fe- 
containing samples after evacuation at 423 
K corresponds to 50% of the added Fe. 

The types of acid sites were shown by 
infrared spectroscopy to be Lewis acids. 
There was no evidence for Br@sted acid 
sites. This is in contrast to the work of 
Iizuka et al. (20) who found that their co- 
precipitated Fe/SiO? samples contained 
BrGnsted acid sites. Our preparation 
method may not produce the types of bond- 
ings sites required to induce Brgnsted acid- 
ity. Brflnsted acidity has also been ob- 
served for Fe in the framework of ZSM-5 
zeolite (21). In the zeolite, iron is in a tetra- 
hedral framework site which, in general, is 
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not expected to occur on our samples, as 
discussed below. 

Lewis acids are electron pair acceptors, 
and on metal cations they have often been 
described as coordinatively unsaturated 
cations. The Mossbauer spectra prove that 
the pyridine adsorbs onto iron cations. The 
change of isomer shift and quadrupole split- 
ting for the inner doublet Fez+ cations when 
they are converted to outer doublet Fe2+ 
cations upon adsorption of pyridine indi- 
cates that pyridine is bonded directly to the 
iron cations. 

The inner doublet cations have been as- 
signed previously to low coordination sites 
(e.g., Refs. (8-20)). These assignments are 
based on the ability of the low coordination 
cations to convert to high coordination cat- 
ions upon adsorption of methane, water, 
ammonia, and NO. This behavior is ex- 
tended to include pyridine in the present 
study. The low coordination Fe*+ cations 
are observed only on a select number of 
oxides such as Si02 (8-11), Ti02 (5), mor- 
denite (22), Y-zeolite (23-25), L-zeolite 
(26), and A-zeolite (27). All of these solids 
have a structure which may allow for elec- 
trical neutrality yet leave the cations coor- 
dinativeiy unsaturated. In all of these ox- 
ides the coordination of oxygen is low (two 
for Si02 and the zeolites, and three for 
Ti02). One can use Pauling’s electrostatic 
bond strength rules (28) to predict a coordi- 
nation of two for Fe*+ in a Si02 matrix to 
provide for charge neutrality. Even though 
a coordination of two may be unrealistically 
low, coordinatively unsaturated Fez+ cat- 
ions may thus be expected on silica. 

It is proposed that the Lewis acid sites on 
the surface of Fe/Si02 are these low coordi- 
nation Fe cations. The change in spectral 
area for conversion of inner doublet Fe*+ to 
outer doublet Fe*+ upon adsorption of pyri- 
dine at 423 K corresponds to 50% of the 
iron. This fraction is the same as observed 
with the gravimetric adsorption measure- 
ments. It is interesting to compare that 
when iron is forced into tetrahedral coordi- 
nation in the structural framework of zeo- 

lites, protons must be added for electrical 
neutrality and Bronsted acid sites are cre- 
ated (21). 

The number of Lewis acid sites on silica 
was found to be equal for Fe in both the 
divalent and trivalent oxidation states. This 
equality indicates that even in the trivalent 
state the iron cations remain coordinatively 
unsaturated. The high distortion of the co- 
ordination sphere around Fe3+ is confirmed 
with Mossbauer spectroscopy. The quadru- 
pole splitting of 1.81 mm/s is high for Fe3+. 
Hence the existence of coordinatively un- 
saturated Fe3+ cations is consistent with the 
Mossbauer spectra. 

The strength of pyridine adsorption is 
higher on Fe3+ than on Fe2+. This was indi- 
cated by infrared spectroscopy on the par- 
tially reduced sample which showed suc- 
cessive desorption of pyridine from the 
SiOZ, Fe*+ and Fe3+, respectively, upon 
continued evacuation. This order of ad- 
sorption strengths is consistent with the 
gravimetric adsorption data and IR fre- 
quency shifts observed in this study. In- 
deed, the conclusion that Fe3+ is a stronger 
Lewis acid site than Fe*+ is in agreement 
with electronegativity arguments. For two 
cations in similar coordinations and bond- 
ing sites, one would expect the cation with 
higher electronegativity to be a stronger 
Lewis acid site. Trivalent iron is more elec- 
tronegative than divalent iron and hence 
Fe3+ is a stronger acid. 

CONCLUSIONS 

The generation of new acid sites on the 
surface of SiOZ upon addition of Fe has 
been demonstrated using pyridine adsorp- 
tion. The acid sites are of the Lewis type, 
and they are shown to be associated with 
iron cations in sites of low coordination. 

The number of acid sites is the same for 
Fe in either the divalent or trivalent oxida- 
tion states. Apparently oxidation of Fe*+ to 
Fe3+, which requires addition of one oxy- 
gen anion for every two Fe2+ cations, does 
not complete the coordination of Fe3+. 
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Hence, Fe3+ remains coordinatively unsat- 12. 
urated and acidic. The acid strength of Fe3+ 
is higher than Fe2+, as expected in view of 
the higher electronegativity of the former 13, 
cation. 
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