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Microcalorimetric measurements of the differential heat of pyridine adsorption at 473 K were 
used to probe the distribution of acid strength on silica and silica-supported alumina catalysts. 
Depositing alumina on silica increased the acid strength of the catalyst. The acid strength distribu- 
tion curves for the Al203/SiO: sample showed three regions of constant heat of adsorption while 
silica had an energetically homogeneous surface. The A1203/SiO2 catalyst was found to have both 
BrCnsted and Lewis acidity. Incremental adsorption of pyridine on Al203/SiO~ indicated that the 
initial region of constant heat corresponds to strong Lewis acidity while the intermediate region 
seemed to be BrCnsted sites or a combination of weaker Lewis sites and BrCnsted sites. The final 
region observed at higher extents of adsorption showed only H-bonded pyridine which corresponds 
to adsorption on silica. Estimates of the entropies of adsorption were determined, providing infor- 
mation about the mobility of the adsorbed basic molecules. Surface diffusion over the silica support 
provides an important pathway for the equilibration of pyridine between acid sites on the A1203/ 
SiO2 sample. © 1990 Academic Press, Inc. 

INTRODUCTION 

The use of metal oxides as catalysts has 
important significance for organic synthesis 
and for the chemical industry. Catalytic 
cracking, isomerization of hydrocarbons, 
alkylation of paraffins and aromatics with 
olefins, polymerization of olefins, and par- 
tial oxidation of hydrocarbons are among 
the reactions carded over metal oxide cata- 
lysts (1, 2). Hence, there is a significant 
motivation to gain a better understanding of 
the surface properties of metal oxides, 
since it is desired to control these proper- 
ties to tailor and improve catalysts for ex- 
isting processes and to design improved 
catalysts for new catalytic processes 
such as for the production of specialty 
chemicals. 

The catalytic properties of metal oxide 
surfaces are typically described in terms of 
acid-base concepts. Some reactions re- 
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quire acid sites while others occur on basic 
sites, and on other occasions the same reac- 
tion over an acid or a base gives different 
products (3). Those oxides used as indus- 
trial catalysts are often multicomponent 
materials which may possess both acid and 
base sites (4). Catalysts having suitable 
acid-base pair sites sometimes show pro- 
nounced activity and selectivity (3), and 
reactions such as partial oxidation of 
hydrocarbons (5) and dehydrogenation of 
alcohols (6, 7) have been observed to re- 
quire both types of sites on the surface. 

It has been found that the acid-base 
properties of mixed metal oxides can be 
varied by choosing different metal oxide 
constituents at different concentrations and 
by changing the treatment of the sample 
(4). Thus, it appears that by properly 
choosing the aforementioned variables, 
mixed oxides could be used to develop new 
catalysts with desired acid-base proper- 
ties. To understand the mechanism of their 
catalytic action and to predict their cata- 
lytic activity and selectivity, quantitative 
information on their acid-base properties is 
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needed. The present paper provides part of 
the foundation for such acid-base charac- 
terization studies. 

Acid sites may exist in different configu- 
rations, and this typically leads to a distri- 
bution of strengths. This is in addition to 
the more general distinction between Lewis 
and BrCnsted acid sites. Among the adsorp- 
tion sites for a particular reaction there may 
be a certain number of sites with adequate 
strength that possess the ability to activate 
the adsorbed molecule and to form a reac- 
tive intermediate. Such sites would be de- 
noted as active sites (6). At the same time 
there may be acid or base sites which are 
either too weak to activate the reactants or 
are too strong, causing excessive fragmen- 
tation of the reactant or surface reactions 
that may lead to strongly held species 
which block and deactivate these sites. 
Therefore, the determination of the acid- 
base site strength distributions is of funda- 
mental importance in understanding the 
catalytic properties of metal oxides. 

In general, an acidic catalyst can be char- 
acterized for the interaction with an ad- 
sorbed species if the number of adsorption 
sites, their strength, and the nature of the 
interaction, as well as the chemical nature 
of the adsorbed species, are determined. 
Many techniques have been used for this 
purpose with various degrees of success. 
Hammett titrations with organic indicators 
(e.g., 1, 4) and more recently gravimetric 
adsorption measurements combined with a 
spectroscopic technique (e.g., 8-13) have 
been widely used to measure the acidic 
properties of mixed oxides. A successful 
quantitative method should meet the fol- 
lowing list of requirements (•4): 

1. the interaction between the probe mol- 
ecules and the Lewis or BrCnsted acid and 
base sites should be reliably identified and 
differentiated; 

2. the strength of the individual sites 
should be determined numerically on a de- 
fined scale; and 

3. the concentration of each type of sur- 

face site should be independently determin- 
able. 

These requirements can be met by the 
combination of a spectroscopic method, in 
particular IR spectroscopy of adsorbed 
molecules, and a technique capable of mea- 
suring a fundamental thermodynamic quan- 
tity characterizing the interaction of a 
probe molecule with the surface sites, such 
as the differential heat of adsorption. A reli- 
able and accurate way of determining dif- 
ferential heats of adsorption is microcalo- 
rimetry. 

The present study uses microcalorimetric 
measurements and IR spectroscopy of ad- 
sorbed pyridine to characterize the acid 
properties of silica and alumina supported 
on silica. In a subsequent publication we 
will extend this study and present results 
for a series of dilute binary oxides with a 
wide range of electronegativities. 

EXPERIMENTAL 

The experimental program used in this 
study was designed to characterize the acid 
properties of the metal oxides. Microcalori- 
metric measurements of the heat of adsorp- 
tion of pyridine were used to determine 
both the acid site numbers and strengths. 
Infrared spectroscopy of adsorbed pyridine 
was employed to determine what types of 
acid sites are present for given ranges of 
differential heats. 

Microcalorimetry Apparatus 
A schematic representation of the micro- 

calorimetry system is shown in Fig. 1. It 
consists of a Setaram C80 heatflow micro- 
calorimeter of the Calvet type with a sensi- 
tivity of 0.25 mW, connected to a stainless- 
steel, calibrated, volumetric system. The 
calorimeter is placed on a heavy-duty jack 
that permits the calorimeter to be moved 
during pretreatment of the sample under 
study such that the sample is not exposed 
to air. Gaseous pressures are measured by 
means of either an MKS Baratron Model 
598 capacitance manometer for pressures 
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FIG. 1. Schematic of microcalorimetric apparatus. 

between 1 x 10 -5 and 10 Torr (1 Torr = 
133.3 Pa) or a Texas Instruments (TI) preci- 
sion pressure gauge for pressures between 
10 and 1000 Torr. The entire calorimetric 
system is thermally insulated. The tempera- 
ture of the volumetric system is kept con- 
stant at 318 K using a PID temperature con- 
troller. Another temperature controller is 
used to preheat the gas entering the cells to 
the calorimeter temperature. This is done 
to minimize heat effects caused by the heat- 
ing of the gas that cannot be completely 
compensated by the reference cell in the 
calorimeter. The temperatures of the cells 
and dosing volume are measured using a 
pair of precision platinum resistance tem- 
perature devices (RTD). The dosing vol- 
ume is attached to a diffusion-pumped glass 
vacuum system with an ultimate dynamic 
pressure of 4 × 10 -7 Torr and to a gas han- 
dling and purification system. 

The following quantities are monitored 
continuously and fed to an Apple IIe com- 
puter for subsequent data processing: calo- 
rimeter temperature, dosing volume tem- 
perature, system pressure, calorimetric 
signal, and time since dosing. The process- 
ing of these data provides a complete char- 
acterization of the adsorption process. Cal- 
orimetric peak areas and volumetric 
isotherms give the total heat and total ad- 
sorption, respectively, as a function of 
pressure. Integral heats, Q, as a function of 

coverage, provide the total acidity of the 
system. The integral heats accumulated for 
the successive increments are fitted analyti- 
cally to an appropriate model. The differen- 
tial heats, q, are then obtained by differenti- 
ation of the integral function with respect to 
the amount adsorbed, n. Another differenti- 
ation with respect to coverage provides the 
acid strength distribution function f ( q )  = 
-(dn/dq). Both of these representations 
(i.e., differential heats of adsorption as a 
function of coverage or f (q)  as a function of 
the differential heat of adsorption) provide 
a description of the acid strength distribu- 
tion over the surface of the catalyst. 

Estimates of the entropy of adsorption 
can be determined by combination of the 
adsorption isotherms and the differential 
heats. Comparison of the experimental and 
theoretical values by means of statistical 
thermodynamics allows the degree of mo- 
bility of the adsorbed molecules to be 
probed. 

Finally, a study of the thermokinetics of 
the heat evolution provides additional in- 
sight into the adsorption mechanisms. The 
following thermokinetic parameters can be 
defined: tm, tl/2, and to, which are the times 
necessary to reach the maximum signal, to 
decay to one-half of the maximum signal, 
and to reach the original baseline (15). If 
the amount of heat released in successive 
doses is of the same order of magnitude, 
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these parameters provide a semiquantita- 
tive description of the kinetics of the ad- 
sorption processes taking place on the sur- 
face. It has been shown that interpretation 
of the shapes of individual thermograms fa- 
cilitates the identification of simultaneous 
processes with different kinetics as well as 
the variation of the kinetics with coverage 
(16-21). This technique enables differentia- 
tion between strong and weak adsorption 
(or acidity). 

Experimental Procedure 
From 0.5 to 1 g of catalyst was placed in 

the sample cell and degassed for about 2 h 
at 473 K to reduce the amount of adsorbed 
molecular water. Following evacuation, ox- 
idation treatments were carried out by 
passing oxygen through the calorimetric 
cells at temperatures up to 723 K. The oxy- 
gen was purified by passage through a mo- 
lecular sieve trap at 195 K. The purified 
treatment gas was passed over the sample 
at a rate of between 80 and 100 cm 3 min -~. 
The sample was then heated to the treat- 
ment temperature of 723 K in flowing gas. 
After 4 h of sample activation, the sample 
was cooled under dynamic vacuum to 473 
K. The calorimeter was lifted by the jack to 
enclose the cells, and the sample was evac- 
uated overnight to allow the system to 
reach thermal equilibrium at the tempera- 
ture desired for study. Helium or argon was 
subsequently used to determine the dead 
volume of the cells. 

The pyridine used in these studies was 
dried by storage over an activated molecu- 
lar sieve (3A) and purified with the freeze- 
pump-thaw technique before each run. The 
basic molecule was kept in a constant tem- 
perature bath to produce a constant vapor 
pressure of about 4.8 Torr. A known 
amount of the base was then placed in the 
calibrated dosing volume. When the pres- 
sure in the dosing volume was stable, the 
probe molecule was dosed into the calorim- 
eter cells, one cell containing the sample, 
the other serving as a reference. The heat 
released upon dosing the base was detected 

by the calorimeter. The signal from the cal- 
orimeter was sent to an amplifier and from 
there to a strip-chart recorder and to a Nel- 
son Analytical Model 761 analog-to-digital 
interface. The signals from the calorimeter 
RTD and amplifier, as well as the pressure 
and dosing volume temperature, were fed to 
the Apple IIe computer which was pro- 
grammed to integrate the area under the 
thermogram, calculate the amount of pyri- 
dine adsorbed during the dose, and deter- 
mine the differential heat of adsorption per 
mole of adsorbed pyridine as A Q/An. When 
equilibrium conditions were attained once 
again, i.e., constant pressure and no devia- 
tions from the calorimetric base line, the 
cells were isolated and the dosing volume 
was evacuated to decrease the amount of 
air admitted to the system through small 
leaks. The above procedure was followed 
repeatedly. Data were collected until the 
differential heat of adsorption was in the 
region of H-bonding on silica. A typical ad- 
sorption isotherm was built sequentially 
from approximately 25 to 40 consecutive 
doses. 

Infrared Spectroscopy of 
Adsorbed Pyridine 
Infrared spectroscopy of adsorbed pyri- 

dine was used to determine the types of 
acid sites present on the silica-alumina 
samples at different extents of surface cov- 
erage. Using the calorimetric measure- 
ments discussed in the previous section, 
the ranges of coverage where the different 
adsorption processes take place were deter- 
mined, and IR spectra of adsorbed pyridine 
were collected at selected points of the ad- 
sorption isotherm in those particular 
ranges. The spectral region from 1400 to 
1650 c m  - l  is particularly important since 
this range contains IR absorption frequen- 
cies expected for coordinated pyridine, 
pyridinium ion, and hydrogen-bonded pyri- 
dine (HPY). Infrared spectroscopy for in- 
creasing extents of pyridine adsorption 
complements the microcalorimetric mea- 
surements by indicating the types of sites 
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present with a given differential heat or 
given acid strength. The apparatus and pro- 
cedure used are described below. 

Infrared Spectroscopy Apparatus 
All infrared spectra were taken at room 

temperature with a Nicolet 7199 C Fourier 
transfer infrared spectrometer. The ma- 
chine parameters used were the same used 
by Connell (11). 

All spectra were taken with the samples 
in a cell consisting of a Pyrex portion where 
the sample was activated and pyridine was 
adsorbed and a section with CaF2 windows 
where the spectra were collected. The lat- 
ter section and inlet to the cell were kept at 
353 to 373 K during dosing to minimize ad- 
sorption of pyridine on the walls. The Py- 
rex portion has a compartment where an 
additional amount of sample was placed to 
decrease the experimental error in deter- 
mining the amount adsorbed. A standard 
glass volumetric system with a Texas 
Instruments precision pressure gauge was 
used to determine volumetrically the 
amounts adsorbed. The pyridine was puri- 
fied in the same manner as described above. 

Experimental Procedure 
In a typical experiment about 0.4 g of 

sample was placed in the lower compart- 
ment and about 30 mg of sample was 
pressed into a 1-cm disk. The disk was 
placed in the sample holder and then pre- 
treated in the same manner as for the mi- 
crocalorimetry experiments. 

After determination of the cell dead vol- 
ume, the sample was cooled to room tem- 
perature and an initial spectrum of the clean 
sample was taken. This spectrum was sub- 
tracted from the subsequent pyridine spec- 
tra with baseline correction to show only 
the pyridine bands. A background spectrum 
through the CaF2 windows was collected 
before each individual spectrum was taken. 

The sample was then heated to the ad- 
sorption temperature, 473 K. When a con- 
stant temperature was obtained, a known 

amount of pyridine was placed in the dosing 
volume. When the pressure in the dosing 
volume was stable, the probe molecule was 
dosed into the IR cell and the pyridine pres- 
sure monitored with the TI gauge. The 
equilibrium pressure after the first dose was 
generally lower than the sensitivity of the 
TI pressure gauge. The sample was subse- 
quently cooled to room temperature, and 
background and adsorbed pyridine spectra 
were collected. 

The procedure for the second and subse- 
quent doses was necessarily different. Af- 
ter the second dose the equilibrium pres- 
sure was measurable and, since the sample 
had to be cooled to room temperature be- 
fore the spectra were collected, this gas 
phase pyridine had to be removed. There- 
fore, the sample was cooled to 418 K and 
evacuated for 2 min with a diffusion pump 
prior to cooling under vacuum to room tem- 
perature. 

Finally, when hydrogen-bonded pyridine 
was detected on the surface, the sample 
was evacuated at 673 K for 1 h and an addi- 
tional spectrum was collected. 

The procedure for the identification of 
the acid types present is straightforward 
and has been described for samples equili- 
brated with a high pyridine pressure and 
subsequently evacuated at increasing tem- 
peratures (11, 22, 23). With pyridine in the 
gas phase (>0.05 Torr), there will be a sig- 
nificant amount of hydrogen-bonded pyri- 
dine on the surface. This can be detected by 
a strong 19b absorption at 1445 cm -1 cou- 
pled with an 8a band having a weaker peak 
at 1595 cm-L Both the 19a and 8b absorp- 
tions can be observed, but they are much 
weaker. If Lewis acid sites are present, a 
19b band will appear at 1450 cm -1 and a 
distinct 8a band will appear at a frequency 
higher than 1600 cm-L If BrCnsted acid 
sites are present on the surface, a weak 19b 
band will appear at 1540 cm -l. This will be 
present in conjunction with an 8a band at 
1640 cm-L In addition, the 19b band at 1490 
cm -~, which overlaps for both Lewis and 
BrCnsted sites, is much stronger when 



432 CARDONA-MARTINEZ AND DUMESIC 

BrCnsted sites are present relative to the 
Lewis acid peak at 1450 cm-L 

For the experimental procedure outlined 
above, the order of site filling is expected to 
start with adsorption on Lewis sites, con- 
tinue with adsorption on BrCnsted sites, 
and end with hydrogen-bonded pyridine. 

Sample Preparation 

Samples were prepared by incipient wet- 
ness impregnation utilizing 1 ml of solution 
per gram of SiO2. The silica (Cab-O-Sil 
grade S-17) was X-ray amorphous (24) with 
a measured BET surface area of 400 m 2 g-l. 
It contained less than 38 ppm total metallic 
impurities (24) and was used without fur- 
ther purification. The small quantities of 
alumina added did not change the surface 
area of the catalysts. The A1203/SIO2 s a m -  

p l e  was prepared using aluminum nitrate 
(99.999%, Aldrich Chemicals) in aqueous 
solution, followed by drying in air at 390 K 
for 24 h and calcination in air for 4 h at 
723 K. 

The aluminum loading was 1.4 × 1017 at- 
oms of A1 per square meter of catalyst sur- 
face area. This loading corresponds to 0.25 
wt% AI and 1.8% of the silicon atoms on 
the surface. The Al203/Si02 sample was 
chemically analyzed by Galbraith Labora- 
tories. 

RESULTS/DISCUSSION 

Pyridine Adsorption on Silica 

Silica is a highly electronegative oxide 
with strong metal-to-oxygen bonds. The 
surface of silica reacts with water to form 
neutral hydroxide groups, and strong acid- 
ity is not observed experimentally. The in- 
tegral heat of pyridine adsorption on silica 
at 473 K as a function of surface coverage 
for three different runs is shown in Fig. 2. 
The integral heat of adsorption appears to 
be linear in the range of coverage studied. 
Fitting the data to a straight line gives a 
differential heat of 95 kJ mol- 1. Such a heat 
is considerably higher than the heat of con- 
densation of pyridine, 35.1 kJ tool -1 (25), 
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FIG. 2. Integral heat of pyridine adsorbed on three 
silica samples at 473 K after oxidation at 723 K. 

and corresponds to strong hydrogen bond- 
ing. This heat compares favorably with the 
initial differential heat of adsorption of 
94 kJ mo1-1 reported by Kiselev and co- 
workers (26) for the adsorption of pyridine 
on a macroporous silica-aerosilogel after 
evacuation at 473 K. The fitted differential 
heat of adsorption, as well as the average 
differential heat calculated as (AQ/An)i for 
individual doses, is shown in Fig. 3. The 
average differential heats for the individual 
doses show a small negative slope, indicat- 
ing that the differential heat of pyridine ad- 
sorption on silica slowly decreases with in- 
creasing coverage. Fitting the integral heat 
data to a quadratic model, which corre- 
sponds to a linear variation of the differen- 
tial heat of adsorption with coverage, yields 
an initial differential heat about 1.5 kJ mo1-1 

higher than the value found for the linear 
model and a negative slope of about -0 .1  
(kJ mol -~) (~mol g-l)-~. A summary of 
these results is presented in Table 1. The 
change of the differential heat with cover- 
age is small (only 3 kJ mol -~ after adsorp- 
tion of 30 #,mol g-1 of pyridine), making the 
average constant differential heat calcu- 
lated from the linear model adequate for the 
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FIG. 3. Average differential heat, {A Q/An}i, of pyri- 
dine adsorbed on three silica samples at 473 K after 
oxidation at 723 K and differential heats of adsorption 
determined from fitting of integral heat (-- ,  linear 
model; . . . .  , quadratic model). 

range of coverages studied. This is the ap- 
proach used throughout this work. 

The corresponding pyridine adsorption 
isotherms on silica at 473 K for the three 
runs are presented in Fig. 4. Note that the 
adsorption is pressure dependent for the 
entire range of coverage studied and that 
the slope at the highest measured coverage 
is still high, indicating that an appreciable 
amount of pyridine could still be adsorbed. 
The adsorption results can be adequately 
fitted with a Langmuir isotherm as can be 
seen in Fig. 4. This calculation yields an 

TABLE 1 

Summary of Regression of the Integral Heat of 
Adsorption of Pyridine on Silica at 473 K as a Function 
of Surface Coverage 

Model Variable Coefficient Standard error 

Linear Constant 5.814 1.495 
n 95.276 0.096 

Quadratic Constant -0.701 1.829 
n 96.745 0.304 
n 2 -0.054 0.011 

estimate of the pyridine adsorption equilib- 
rium constant (K), entropy (ASads)  , and 
monolayer coverage (nm). In short, the ad- 
sorption of pyridine on silica at 473 K can 
be described (for the extents of coverage 
determined) by the following parameters: 

K = 6.192 × 10 .4  -- 8 X 10 -5 P a  -1 

nm= 140.0 ± 18.8/zmol g-1 

q = 95.3 ± 0.2 kJ mol -] 

ASads = -166.8 ± 2.6 J mol -] K -l. 

The monolayer coverage determined repre- 
sents about 56% of the pyridine saturation 
coverage at 423 K and 650 Pa determined 
gravimetrically (27). 

The gas phase absolute entropy of pyri- 
dine at 473 K is 328 J mol -] K -1 (25). Using 
partition functions along with structural 
(28) and vibrational (23) data for pyridine, 
we can estimate the translational (St), rota- 
tional (Sr), and vibrational (Sv) contribu- 
tions to the gas phase entropy. These calcu- 
lations (see Ref. 29) give 

St = 173 J mol-I K-] 
Sr - 107 J mol -z K -1 
Sv = 53 J mol-I K-] 

Sg~s = 333 J mo1-1 K -1 

30, 

/ 
o Run I ,,#~'d D 
• Run 2 

.-. zx Run 3 E° a0. - - F /  
o~ 

i 10. f n m = 140 p.mol/g 
0 ~ q- 95 I~/mol 
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0_i 
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FIG. 4. Isotherms of pyridine adsorption on three 
silica samples at 473 K after oxidation at 723 K. 
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FIG. 5. Graphical representation of a pyridine mole- 
cule adsorbed on silica. 

The estimated entropy change of adsorp- 
tion corresponds to a loss of about 50% of 
the pyridine gas phase entropy. If adsorbed 
pyridine can be depicted graphically as in 
Fig. 5, it is reasonable to consider that the 
molecule should lose some rotational en- 
tropy around the x and y axes and to as- 
sume that the entropy change along the z 
axis is small. Also, one degree of transla- 
tional freedom on the surface must be lost 
(along the z axis), and we can assume that 
the change for the vibrational contribution 
is small. We thereby reach the relation that 
the entropy of adsorbed pyridine, Spyr,* is 
given by 

Spy r -~- Sv q- Sr(z) q- Sr*(X, y) + S*(x, y). 

Since the value of S~yr is 166.2 J mo1-1 K -~, 
we find that 

S*r(X, y) + S*(x, y) = 78 J mol -~ K -j. 

We now assume that the frustrated 
rotational and translational modes in 
S*(x, y) + S*(x, y) can be treated as vibra- 
tional degrees of freedom. This allows an 
estimate to be made of an activation energy 
( E a )  for frustrated translation and rotation 
by transforming this entropy into a product 

of terms corresponding to two translational 
vibrations (vt) and two rotational vibrations 
(Or) 

exp (S*(x, y) + S*(x, y).} 
R 

hv,)  -2 
= {1 - exp ( - ~ - ~  j 

/ hvr\ )-2 
{I - exp ~-1~-~)~ . (1) 

The translational and rotational frequencies 
are given approximately by 

•/2 Ea 
vi = MW ai 2 ' (2) 

where MW is the molecular weight of the 
base and ai is a characteristic distance for 
the vibration: the distance between - - O H  
groups for translation and half the circum- 
ference of the arcs formed by rotating the 
molecule around the x or y axes for rota- 
tion. Using a t  = 0.309 nm (30) and ar = 

0.441 nm in Eqs. (I) and (2), one calculates 

S* = 42 J mo1-1 K -l 

S*=  36 J mol -I K -1 

Ea = 20.8 +-- 3.4 kJ mo1-1. 

The above result suggests that the pyri- 
dine retains about 20% of its translational 
freedom and 60% of its rotational freedom 
along the x and y axes. Thus, pyridine ad- 
sorbed on silica at 473 K is still quite mo- 
bile. This result is consistent with a 13C 
NMR spectroscopy study which indicated 
that even at 301 K pyridine adsorbed or 
silica is in a state of rapid motion (31). The 
estimated activation energy for surface dif. 
fusion corresponds to 20% of the differen. 
tial heat of pyridine adsorption on silic~ 
which is within the range of values given b] 
Somorjai for surface diffusion on variou~ 
surfaces (32). 

If we treat surface diffusion by a random 
walk analysis, the preexponential factor fo 
diffusion can be shown to be (32) 
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vdEb N3s/2, (3) 
A d i f f  - -  3 

where v is the surface vibration frequency, 
b is the molecular diameter of the diffusing 
species, d is the nearest-neighbor distance, 
and Ns is the density of active sites. Assum- 
ing v = 1013 S -1, d = 3.2 × 10 -l° m, b = 
4.9 x l0 -1° m, and Ns = 2 x 1017 sites m -E, 
the preexponential factor is estimated to be 
1.5 x 101° s-k Using the activation energy 
estimated earlier, the rate of surface diffu- 
sion for a surface pyridine molecule is cal- 
culated to be 7.6 x 107 jumps per second, 
which is more than 2.5 × 105 times higher 
than the rate of desorption, calculated for 
the determined heat of adsorption with a 
frequency factor of 1013 s -I. Hence, silica 
should facilitate the equilibration of pyri- 
dine among sites on the surface via surface 
diffusion. 

We can estimate the maximum differen- 
tial heat that can be measured calorimetri- 
cally at 473 K with equilibration among the 
sites using an expression for the rate con- 
stant that corresponds to a quasi-desorp- 
tion, where the molecule "desorbs" from a 
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FIG. 6. Isotherms of pyridine adsorption on A1203/ 
SiO2 and SiO2 at 473 K after oxidation at 723 K and 
fitted isotherm using Langmuir model (©, experimen- 
tal r e s u l t s ;  - - ,  A1203/SIO2 fit ,  - - - ,  S iO2 fit).  

strong site to the weaker sites on the sup- 
port surface. In this case, the appropriate 
rate constant is given by 

-Aq  - 
k s = v e x p {  ~ Ea}, (4) 

where A q  = q - q~ is the difference in heat 
between a strong site and a site on the sup- 
port, and Ea is the activation energy for sur- 
face diffusion. Assuming that 10 desorp- 
tions per molecule in an hour is a state 
approaching equilibrium during the calori- 
metric experiment, we estimate that the 
maximum value of Aq + Ea possible for 
equilibrium to be attained is 140 kJ m o 1 - 1 .  If 
qs = 95.3 kJ mol-I and Ea = 20.8 kJ mol -l, 
then q -- 215 kJ mol -I at 473 K. This value 
is much higher than if we require that the 
molecule must desorb to the gas phase to 
attain equilibrium. In the latter case, the 
strongest site that can be studied in an equi- 
librium fashion is 140 kJ mo1-1 (i.e., qs -- 
Ea = 0 ) .  

In summary, it has been shown above 
that at high temperatures molecules that are 
adsorbed on weaker sites may migrate to 
stronger sites via surface diffusion over the 
silica support. Hence, as long as the ad- 
sorption is done at high temperature and 
with small sequential doses, the surface will 
be covered in an ordered manner starting 
with the strongest sites and ending with the 
weakest. At 473 K, the strongest site that 
can be titrated in this manner is estimated 
to be about 215 kJ mol -~. 

Pyridine Adsorption on Aluminum 
Supported on Silica 

Microcalorimetric results. In silica, the 
silicon cations have a coordination of 4 and 
the oxygen anions have a coordination of 2. 
The coordination of 2 for oxygen favors a 
low coordination for a dopant cation on sil- 
ica, leading to enhanced acidity. This is ob- 
served experimentally as illustrated by the 
isotherms of pyridine adsorption at 473 K 
on A1203/SIO2 and SiO2 shown in Fig. 6. 
Doping SiO2 with aluminum oxide in- 
creases the acidity of the catalyst consider- 
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FIG. 7. Integral heat of adsorption for pyridine ad- 
sorbed on Al203/SiO 2 at 423 K and 473 K and on SiO2 
at 473 K after oxidation at 723 K (©, 473 K; @, 423 
K; ---, SiO2 fit). 

ably compared to the acidity on silica. Note 
that the adsorption is nearly pressure inde- 
pendent at low coverages, suggesting the 
presence of strong acid sites on A1203/SIO2. 

Recently, there have been various stud- 
ies of the effect of the adsorption tempera- 
ture on the acidic properties of metal oxide 
catalysts (33-44). From these studies it can 
be concluded that, for samples that possess 
strong acid sites, using a high adsorption 
temperature yields a better description of 
the thermodynamic acid strength distribu- 
tion. Since adsorption of pyridine on A1203/ 
SiO2 leads to high heats of adsorption, we 
studied the adsorption at 423 and 473 K to 
test the effect of temperature on the calori- 
metric data. The integral heat of pyridine 
adsorption as a function of surface cover- 
age on A1203/SIO2 at 423 and 473 K, com- 
pared to the fitted integral heat of adsorp- 
tion over silica at 473 K, is shown in Fig. 7. 
In contrast to the results for silica, the inte- 
gral heat plots for A1203/SIO2 show signifi- 
cant curvature, indicating that the differen- 
tial heat of adsorption is not constant on 
these samples. The integral heat for adsorp- 
tion at 473 K is higher than that for adsorp- 

tion at 423 K, the difference increasing as 
the surface coverage increases. This indi- 
cates that the differential heat on the sam- 
ple where pyridine was adsorbed at 423 K is 
lower and decreases faster with coverage 
than that on the sample at 473 K. The dif- 
ference in behavior is seen more clearly on 
the corresponding plots for the average dif- 
ferential heat of adsorption as depicted in 
Fig. 8. 

Note the following main features of the 
curves: 

1. an initial region of high, nearly con- 
stant heat exists, probably representing ad- 
sorption on the strongest sites; 

2. a region of gradually declining heats 
follows, representing adsorption on inter- 
mediate acid sites or on a combination of 
sites; and 

3. a region of low differential heats of ad- 
sorption (near 95 kJ mo1-1)  follows, corre- 
sponding to H-bonded pyridine. 

From the initial slopes of the plots of inte- 
gral heat of adsorption versus coverage, ini- 
tial differential heats of pyridine adsorption 
can be determined to be 219 and 214 kJ 
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FIG. 8. Differential heat of adsorption for pyridine 
adsorbed on A1203/SIO2 at 423 K and 473 K and on 
SiO2 at 473 K after oxidation at 723 K (©, 473 K; @, 
423 K; ---, SiO2 fit). 
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FIG. 9. Pyridine acid strength distribution for A1203/ 
SiO2 at 423 K and 473 K after oxidation at 723 K. The 
curve for adsorption at 473 K is displaced by 0.5 (/~mol 
g-l)/(kJ mol -z) for clarity. 

mol -l on A1203/SIO2 at 473 and 423 K, re- 
spectively. Adsorption at 473 K yields a 
sharp step near 170 kJ mol -~ while the dif- 
ferential heat for adsorption at 423 K de- 
creases faster and monotonously. The same 
conclusion can be drawn by comparing the 
acid strength distribution plots shown in 
Fig. 9. The step seen at 473 K appears as a 
sharp peak at 174 kJ mo1-1 in the site 
strength distribution curve, while there is a 
broad peak with a maximum at 134 kJ mol -~ 
for adsorption at 423 K. 

Additional evidence of the effect of the 
adsorption temperature can be obtained 
from plots of the thermokinetic parameter 
as a function of surface coverage, shown in 
Fig. 10. The thermokinetics of adsorption 
at 423 K were significantly slower than 
those at 473 K. All of the above data indi- 
cate that adsorption at 473 K is more spe- 
cific than that at 423 K and this result 
agrees with results of pyridine and ammo- 
nia adsorption on H - Y  zeolites and ammo- 
nia adsorption on silica-alumina at 313-473 
K (34). Higher temperatures were not stud- 
ied here because of experimental difficul- 

ties, but the fact that the initial differential 
heat at 423 K was only slightly lower than 
that at 473 K suggests that we may be close 
to the optimum temperature for calorimetry 
studies. 

Plots of the thermokinetic parameter ver- 
sus coverage give additional information 
that can aid in the differentiation of strong 
and weak adsorption. Adsorption on A1203/ 
SiO2 at 473 K was initially fast and became 
slower as the coverage was increased, 
reaching a minimum rate before a signifi- 
cant acceleration of the process was ob- 
served upon approaching high coverages. 
The adsorption rate is initially fast because 
the pyridine molecules are bonded irrevers- 
ibly to the strongest acid sites. The adsorp- 
tion rate decreases at intermediate cover- 
ages because a smaller number of strong 
sites are available and the molecules must 
diffuse over greater distances on the sur- 
face. The minimum rate appears as a maxi- 
mum in the plot of the thermokinetic pa- 
rameter at a coverage of about 19/xmol g- 1, 
which corresponds to a differential heat of 
172 kJ mol -~. Indeed, this coverage corre- 
sponds to the filling of the acid sites of in- 
termediate strength. As the coverage is in- 
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FIG. 10. Thermokinetic parameter for pyridine ad- 
sol'ption oil A1203/SiO 2 at 423 K and 473 K and on SiO2 
after oxidation at 723 K (O, 473 K; 0 ,423  K;/X, SiO2). 
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creased, adsorption on the support starts to 
dominate and the thermokinetic parameter 
decreases to the value for silica. 

The curve for the differential heat of ad- 
sorption at 473 K displays three definite 
steps. This behavior apparently corre- 
sponds to the presence of several types of 
centers on the surface with different heat of 
adsorption. The possibility of surfaces with 
discrete inhomogeneity was suggested first 
by Langmuir (45). Klyachko (46) used 
Langmuir's model to propose an equation 
that describes the dependence of the differ- 
ential heat of adsorption on the amount ad- 
sorbed on a surface with discrete sites. Ac- 
cordingly, for s sites on the surface, the 
coverage will be 

~ xiKip ~ ni 
0 = Oi : = - -  ( 5 )  

i=1 i=l 1 + Kip i=l nm' 

where X~ is the fraction of centers i and ni 
and nm are the amounts adsorbed on site i 
(i.e.,/zmol g-~ or/xmol m -z) and the maxi- 
mum adsorption capacity, respectively. 
For large differences among the equilibrium 
constants the different types of sites are 
filled successively. At equilibrium, the 
amount adsorbed, n, is distributed among 
all types of sites and the pressure is equal 
above all sections of the sample: 

I'll 
Pl = Pi = P = Kj(nl~ - n~) 

n i  

- -  K i ( n i m  - ni) " (6) 

A selectivity or distribution coefficient is 
defined as 

K1 
O~l'i : g--'-~. 

=exp{ ASI- ASi} 

where ASi is the entropy of adsorption for 
site i. It then follows that 

n l n i m  
ni = (8) 

n l m O q , i -  n l ( o t l , i -  1) 

and 

~ nlnim 
n = Hi ~-- - ~l(O~l,i 1) i=l i=l nlmo£1,i - 

(9) 

is the amount adsorbed as a function of n~ 
(the adsorption on the first site). 

In terms of the differential heat of ad- 
sorption on site i, q~, the integral heat of 
adsorption, Q, is given by 

Q = ~ qini 
i=1 

= ~ nlnimq.____j. (I0) 
i=1 nlm~l,i  ~ n l ( t ~ l , i -  1)" 

The observed differential heat of adsorp- 
tion is obtained by differentiating Q with 
respect to n, 

dO 
q =  dn 

( q i n l r l i m / { n l m O t l , i -  n l ( O t l , i -  I)}2) 
i=1 

(nlnim/{nlmotl,i- nl(Otl,i- 1)} 2) 
i=1 

(11) 

On the basis of Eqs. (9) and (10), the ex- 
perimental data can be fitted to obtain val- 
ues for n/m, q/, and a~,i. Initial estimates for 
nim and qi can be determined by plotting the 
average differential heat for individual 
doses, calculated by dividing the amount of 
heat evolved during dose i by the amount 
adsorbed during that dose U b. = AQj/Anj 
against the coverage and choosing values 
by inspection. 

Accordingly, the experimental integral 
heat data were fitted using the Langmuir 
model for three sites. To obtain this fit, as 
well as other fits in this work, the values 
found for silica were assigned to the third 
site or allowed to vary slightly around those 
values. A summary of the results for ad- 
sorption on A1203/SIO2 at 423 and 473 K is 
presented in Table 2. The fit of the sample 
at 423 K is presented as a qualitative corn- 
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TABLE 2 

Parameters for Fit of Integral Heat of Pyridine Adsorption on A1203/SiO2 at 473 and 423 K with the 
Langmuir Model for Three Sites 
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Site i Maximum coverage Differential heat Entropy of 
nm,i (l~ mol g-~) qi (kJ tool -1) adsorption 

ASi (J mol -I K -1) 
473K 423K 473K 423K 

473K 423K 

1 12.7 10.9 219.9 213.3 -330 -360 
2 14.8 16.8 177.1 140.9 -289 -233 
3 140 140 96.0 93.6 -165 -167  

parison, since the Langmuir model may not 
apply under these nonequilibrium condi- 
tions and the values for silica at 473 K may 
not correspond to site 3 at 423 K. It is inter- 
esting to note that the sum of monolayer 
coverage for sites 1 and 2 is the same within 
experimental error at the two temperatures, 
but the fitted maximum adsorption capacity 
for the weaker site is about 14% higher at 
423 K. Also, the fitted differential heat for 
site 2 at 423 K is lower than that at 473 K. 
The difference between these results arises, 
as discussed above, because the adsorption 
at 473 K is more specific while adsorption 
at 423 K yields an average distribution 
which is more difficult to describe by three 
sites with constant heats. 

Another problem with the fit at 423 K is 
that the calculated change in entropy due to 
adsorption for the strongest site is higher 
than the pyridine gas phase entropy at 423 
K (316 J mo1-1 K-l). The corresponding en- 
tropy for adsorption at 473 K is the same as 
the pyridine gas phase entropy at 473 K. 
We must note that the experimental error in 
the total equilibrium pressure is the largest 
error of all the measurements in this work, 
and this could cause the entropy of adsorp- 
tion at 473 K to be slightly outside of the 
range of realistic limits (the experimental 
error for this sample is approximately --+6 J 
mo1-1 K-l). In any case, a high entropy 
change upon adsorption means that adsorp- 
tion on those sites is irreversible and essen- 

tially pressure independent, causing the 
nearly vertical slope seen in Fig. 6. The en- 
tropy of adsorption for site 2 at 473 K corre- 
sponds to a loss of 88% of the gas entropy 
and also corresponds to irreversible ad- 
sorption. 

To verify if the results found for the dif- 
ferential heat of adsorption and acid 
strength distribution plots were model inde- 
pendent, the integral heat data were fitted 
with three fifty-order polynomials. These 
polynomials give fourth-order polynomials 
for the differential heat of adsorption on dif- 
ferentiation and third-order polynomials for 
the site strength distribution plots after a 
second differentiation. Good agreement 
between the Langmuir and polynomial 
models is found, as illustrated by the com- 
parisons given in Figs. 11 and 12 showing 
that q(n) and f(q) are model independent. 

Infrared spectroscopy results. In a pre- 
vious study of A1203/SIO2  (8, 11), infrared 
spectra of adsorbed pyridine indicated that 
pyridine adsorbed on Lewis, BrCnsted, and 
hydrogen-bonding sites and that the strong- 
est sites were Lewis acid sites. Since the 
differential heat curve for A1203/S iO2  dis- 
plays three steps and from IR spectroscopy 
there are three types of sites on the surface, 
we used IR spectroscopy after incremental 
adsorption ofpyridine to test whether these 
sites fill sequentially with Lewis acid sites 
corresponding to the first step and BrCnsted 
sites corresponding to the second step. The 
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FIG. 11. Effect of the model on the determined dif- 
ferential heat of pyridine adsorption on A1203/SiO2 and 
on SiO2 at 473 K after oxidation at 723 K. The solid 
lines correspond to fits of the data with the Langmuir 
and polynomial models. 

TABLE 3 

Infrared Absorption Frequencies (cm -1) for Pyridine 
Adsorbed on A1203/SIO2 at 473 K as Shown in Fig. 13 

Type Band Coverage (~rnol g-I) Desorption e 

9 ~ 17 b 22 c 25 d 

LPY 19b 1456.2 1456.2 1456.1 1456,0 
19a 1496.8 1496sh 1496sh 1491,9 
8b 1577.1 1577.0 1578,2 
8a 1624.3 1624.1 1624.0 1624,0 

BPY 19b 1545.8 1546.8 1547.3 
19a 1491.9 1491.9 1491.9 
8b 1577.1 1577.0 1578.2 
8a 1638.3 1638.3 1638.5 

HPY 19b 1446sh 1446sh 
19a 1491.9 
8b 1578.2 
8a 1597.0 1596.7 

1456.9 
1496.9 
1579.7 
1624.3 

Note. sh, shoulder; LPY, pyridine bonded to a Lewis acid site; BPY, 
pyridine bonded to a Br#nsted acid site; HPY, hydrogen-bonded pyri- 
dine. 

a Dose 1. 
b Dose 3. 
c Dose 2. 
d Dose 4. 

e After evacuation at 673 K for I h. 

infrared data presented in Fig. 13 and Table 
3 show that after a dose of approximately 9 
/zmol g-~ bands due to Lewis sites (LPY) 
appear at 1624 cm -1 (8a) and at 1456 cm -1 
(19b), but there is no evidence for Brensted 
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FIG. 12. Effect of the model on the determined pyri- 
dine acid strength distribution on A1203/SIO2 at 473 K 
after oxidation at 723 K. 

sites or hydrogen-bonded pyridine. After a 
second dose and a coverage of about 17 
/zmol g-l, the characteristic bands for 
Brensted sites appear at I638 cm -1 (8a) and 
at 1546 cm -1 (19b) while there is still no 
evidence of hydrogen-bonded pyridine. It is 
not until the third dose and a coverage of 22 
/zmol g-i that bands appear at 1597 cm -l 
(8a) and at 1446 cm -1 (19b) indicating the 
presence of hydrogen-bonded pyridine. An 
additional dose at a coverage of 25/zmol g-i 
did not show a significant increase in the 
intensity of the peaks for either Lewis or 
BrOnsted sites, but the bands for hydrogen- 
bonded pyridine increased. Desorption at 
673 K left only pyridine adsorbed on Lewis 
acid sites. 

Both the incremental adsorption and the 
desorption IR spectra provide evidence 
that the strongest sites are Lewis sites. The 
appearance of hydrogen-bonded pyridine 
after the third dose is consistent with the fit 
of the calorimetric data. After the third 
dose, the  calculated coverage for site 3 is 
about 0.7/xmol g-l, whereas this coverage 
is about 0.001 and 0.2/.~mol g-i for the pre- 
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Fit3. 13. Infrared spectra of pyridine adsorbed on 
AI2OJSiOz at 473 K after oxidation at 723 K. Numbers 
I through 4 correspond to successive doses of pyridine 
and the spectrum labeled desorption was taken after 
desorption at 673 K for 4 hours. LPY, peak corre- 
sponding to pyridine bonded to a Lewis acid site; 
BPY, peak corresponding to pyridine bonded to a 
BrOnsted acid site; and HPY, peak corresponding to 
hydrogen-bonded pyridine. 

vious doses, which is below the detection 
limit of the instrument. Therefore, the as- 
signment of silica to site 3 is justified. The 
results for site 2 are not conclusive, though, 
because the intensities of both Lewis and 
Brensted bands increase after the second 
dose. This means either that there are 
weaker Lewis sites with differential heats 
of adsorption of similar magnitude to those 
of the Brensted sites or that our IR experi- 
mental procedure does not have enough 
resolution to differentiate the Brensted acid 
sites alone. 

Paukshtis et al. (47) determined the equi- 
librium constant for pyridinium ion forma- 
tion on HNaY zeolite from the temperature 
and pyridine vapor pressure dependence of 
the intensity of the - - O H  groups IR band. 
With this result they estimated a heat of 
protonation on HNaY zeolite of 172 - 16 kJ 
mol -], which agrees well with our fitted dif- 
ferential heat for site 2. This is additional 

evidence supporting our hypothesis that 
site 2 corresponds to Brensted acidity. This 
view must be verified, however, in future 
experimental work. 

Discussion of Pyridine Adsorption Results 

We discussed earlier the importance of 
the adsorption temperature in attaining a 
true acid strength distribution. The results 
for adsorption of pyridine on silica-alumina 
at 423 and 473 K confirm this point. Ad- 
sorption at the lower temperature produced 
lower differential heats for the entire range 
of coverage studied, and the acid strength 
distribution curve showed a broad distribu- 
tion of sites. The distribution on the sample 
studied at the higher temperature was more 
definite, with differential heats near three 
discrete values. These observations are in- 
dicative of more specific adsorption at 473 
K and they agree with previous studies of 
pyridine and ammonia adsorption on H-Y 
zeolites and ammonia adsorption on silica- 
alumina at 313-473 K (34). 

Surface diffusion appears to play an im- 
portant role in the equilibration of pyridine 
on silica-supported oxides. Specifically, the 
presence of a support like silica, where ad- 
sorbed pyridine retains a significant frac- 
tion of its mobility at 473 K, helps in the 
equilibration of pyridine adsorbed on strong 
sites. Above we estimated the activation 
energy for surface diffusion of pyridine on 
silica at 473 K to be 20 kJ mol -l. Using this 
activation energy and remembering that 
due to the low loadings used here there is a 
large excess of support sites available on 
the surface, the energetics of a hypothetical 
silica-alumina surface can be represented 
as shown in Fig. 14. For a pyridine mole- 
cule adsorbed on a ~ S i - O H  site, it is 
energetically more favorable to diffuse to 
either another contiguous --~Si-OH site or 
a stronger contiguous site (activation en- 
ergy = 20 kJ mo1-1, if we assume that the 
activation energy is the same for these two 
processes) than to desorb to the gas phase 
(activation energy = 95 kJ mol-~). If pyri- 
dine adsorbs on a site with a differential 
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FIG. 14. Energetics for the equilibrium of pyridine 
between adsorption sites on a hypothetical silica- 
alumina surface. 

heat of adsorption of 177 or 220 kJ mol -~, it 
is still more favorable to migrate to a ~ S i -  
OH site than to desorb to the gas phase. In 
fact, the rate of desorption to the gas phase 
is negligible at 473 K for these strong sites. 
However,  the rate of migration from these 
strong sites to the silica surface is signifi- 
cant. We estimate that for sites with 
strengths of 177 and 220 kJ mo1-1 the rate of 
migration from the strong site to silica sites 
is 7 × 105 and slightly over 10 transitions 
per site each hour, respectively. Obviously, 
the strongest site is at the limit of what we 
would consider a state approaching equilib- 
rium. For that reason it is possible that, if 
there are stronger sites, these could not be 
distinguished under our experimental con- 
ditions. It should be noted that the term in 
Eq. (4) due to the activation energy for sur- 
face diffusion on silica may be neglected if 
surface hydroxyl groups on silica are adja- 
cent to the strong site, and this would have 
the effect of increasing by 20 kJ mo1-1 the 
maximum heat measurable at 473 K in an 
equilibrium manner by calorimetry. 

The interpretation given above for ad- 
sorption of pyridine on silica-alumina sug- 

gests that pyridine adsorbed on the weaker 
sites (sites 2 and 3) retains a significant frac- 
tion of its mobility and is able to diffuse 
from site-to-site. Pyridine adsorbed on the 
strongest sites has little or no mobility. As 
the coverage increases, the strongest sites 
are covered preferentially and a larger frac- 
tion of the pyridine is found on sites with 
intermediate strength. Eventually, there 
would be exchange between these sites and 
the sites on the support at high coverage. 
This interpretation is supported by 13C and 
15N NMR spectroscopy results for pyridine 
adsorbed on silica-alumina at 433 K at dif- 
ferent surface coverages (48). In that work 
at low coverages, nearly all of the pyridine 
was found to be in a low-mobility environ- 
ment, and most of it was adsorbed on 
Lewis acid sites. Hydrogen-bonded pyri- 
dine was the dominant species on the sur- 
face for coverages higher than 0.5 mono- 
layer, and it displayed a large mobility. 
Exchange-averaged species were also ob- 
served, providing evidence that exchange 
between mobile, weakly held species and 
more strongly held species was rapid on the 
NMR time scale (2 ms). The IR spectros- 
copy results found in this work for the ad- 
sorption of incremental doses of pyridine 
on silica-alumina are consistent with this 
interpretation. At low coverages, only 
strongly adsorbed pyridine on Lewis sites 
was observed; as the coverage was in- 
creased, pyridine adsorbed on both Lewis 
and Brensted sites, and finally, at high cov- 
erages, the contribution from hydrogen- 
bonded pyridine started to dominate. 

There is extensive evidence that Lewis 
acidity is generally stronger than Brensted 
acidity (37, 49-51) and this was shown in 
particular for our samples (8). Specifically, 
the IR spectroscopy results for incremental 
pyridine adsorption on silica-alumina 
showed only pyridine adsorbed on Lewis 
acid sites for the initial dose. Hence, the 
initial differential heat of adsorption corre- 
sponds to adsorption on Lewis acid sites. 
The interpretation of the heats of adsorp- 
tion for site 2 is not as clear as that for site 
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1. It is possible that site 2 corresponds to 
BrCnsted acid sites or that it is a combina- 
tion of BrCnsted sites and weak Lewis 
sites. The IR spectroscopy results of pyri- 
dine adsorbed on silica-alumina do not pro- 
vide concrete evidence to decide whether 
the BrCnsted and weak Lewis sites have 
sufficiently different heat to be resolved 
calorimetrically. 

Additional insight into the pyridine ad- 
sorption process can be obtained from the 
shape of the individual thermograms. The 
shape of these thermograms allows one to 
compare qualitatively the rates of the ad- 
sorption process for successive doses or for 
different samples via the thermokinetic pa- 
rameter. The time for the heat evolution for 
all the doses over silica (i) was short com- 
pared to that for both the initial and the 
intermediate heat regions for the A1203/ 
SiO2 sample and (ii) comparable to that ob- 
served for the final region of low differential 
heat for the A1203/SIO2 sample. The ad- 
sorption process in this latter region and 
over SiO2 appears to be reversible. This 
agrees with the results seen by various au- 
thors (52, 53) and is consistent with the dis- 
cussion above dealing with surface kinet- 
ics. The maximum in the thermokinetic 
parameter for A1203/SIO2 was located at the 
end of the second step. This maximum is 
indicative of a change from strong to 
weaker adsorption, and its location is quali- 
tatively consistent with the previous dis- 
cussion of surface energetics. 

The above microcalorimetric results 
have important implications for the mea- 
surement of acid strength using other meth- 
ods. Specifically, the heat of pyridine ad- 
sorption on the silica support is quite high 
(95 kJ mol-l), and the relative amount of 
pyridine adsorbed on the support, com- 
pared to that adsorbed on the stronger acid 
sites, may be appreciable at high pressures 
and low temperatures. This explains the 
difficulty that other investigators have had 
in using adsorption isotherms of basic mol- 
ecules (such as pyridine) to estimate heats 
of adsorption by plotting In P versus 1/T at 

constant coverage; i.e., at the pressures 
typically used the isotherms are dominated 
by contributions from the support. Our data 
also explain why temperature-programmed 
desorption of pyridine from porous cata- 
lysts generally leads to broad peaks, i.e., 
desorption followed by readsorption on the 
support takes place. 

In summary, the following important 
conclusions result from the present study: 

• Surface diffusion plays an important 
role for equilibration of adsorbed pyridine 
molecules. 

• Under appropriate conditions, micro- 
calorimetry of adsorbed pyridine provides a 
probe of the acid strength distribution of the 
catalyst. 

• Doping silica with the metal oxide in- 
creases the acidity and acid strength of the 
catalyst. 

• The acid strength distribution of A12OJ 
SiO2 appears to be described by adsorption 
on a small number of energetically homoge- 
neous sites. 
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