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The distribution and the strength of acid sites in some aluminas and zeolites were obtained 
from microealorimetry measurements of ammonia adsorption. They were compared to the 
results of FTIR of adsorbed CO and of lH--~ 27A1 cross-polarization (CP) MAS NMR using 
chemisorbed ammonia as proton reservoir. FTIR of CO adsorption yields the numbers of 
Lewis sites and CP MAS NMR gives the coordination of surface aluminum. In spite of the vari- 
ety of catalysts and of acidity encountered, interesting correlations were found with both the 
energy of adsorption and singularities in the microcalorimetric titration. In particular, in zeo- 
lites a clear difference exists in the distribution of the Lewis and Bronsted acid site strengths 
with respect to the amount of irreversibly adsorbed NH3. 
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1. Introduction 

The main purpose of the present note is to compare the distribution with cover- 
age of differential heats of adsorption (AHa) in catalysts on which the number and 
the nature of the acid sites have been studied separately by two spectroscopic tech- 
niques. The differential heats of adsorption (AHa) of basic molecules on acid sur- 
faces have been used to estimate the acid strengths and the variation of A n a  with 
coverage as a measurement of the acid strength distribution [1,2-7]. Since the inter- 
est here is in measuring a relatively large spectrum of acidity, ammonia, which 
has a "moderate" pK~ (ref. [1, table II]), has been chosen for this study. In addition, 
it is likely to meet the requirement clearly defined by Dumesic et al. [7], namely, 
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that the diffusion of the base cannot prohibit the achievement of the thermody- 
namic equilibrium between the probe and the acid sites within the time-scale of the 
microcalorimetric measurements. 

The calorimetric data will be compared to the absolute number of acid sites 
measured by the infrared (IR) spectroscopy study of CO adsorbed at low tempera- 
ture and the nature (Lewis or Bronsted) of the active sites investigated by nuclear 
magnetic resonance (NMR). The detailed NMR and IR studies are reported sepa- 
rately [8,9]. For sake of clarity, we will nevertheless summarize briefly the main 
findings. First, the coordination of the acid site can be observed by 1H--~ 27A1 

cross-polarization (CP) magic angle spinning (MAS) NMR if chemisorbed ammo- 
nia acts as the proton reservoir. This technique shows that two kinds of Lewis sites 
exist on aluminas as well as on alumina debris present as non-framework alumi- 
num (NFA1) in thermally or steamed activated zeolites. One of these sites has a dis- 
torted tetrahedral configuration: the isotropic chemical shift of the 27A1 reso- 
nance is 58 ppm (the observed chemical shift is 52 ppm at 11.4 T). The second one 
has a pentahedral symmetry with an isotropic chemical shift ca. 41 ppm (the 
observed chemical shift is about 35 ppm). In the zeolites the Bronsted site is, of 
course, the bridging Si-OH-A1 hydroxyl. On this site, NH3 chemisorption leads to 
the formation of an ammonium cation close to the negatively charged A1 frame- 
work tetrahedron, A1TM, which becomes detectable by CP. 

Second, IR spectroscopy of CO adsorbed at low temperature yields quantitative 
information on the absolute number of sites, while the NMR technique gives only 
the relative distribution among the various sites. 

It is well documented that the vibrational spectrum of CO chemisorbed on 
Lewis sites contains stretching bands attributable to various configurations [10- 
12]. It was shown [9] that the two strong Lewis sites corresponding to a CO stretch 
ca. 2190 cm -1 (L1) and to a CO stretch ca. 2210 cm -1 (I-,2) which exist on aluminas 
are also detectable in NFA1 in zeolites. The chemisorption energy of CO on L1 is 
about 25 kJ/mol  while it is about 40 kJ/mol on L2. 

There are, of course, several ways to measure quantitatively the number of 
Bronsted sites. The most accurate one is probably through the deconvolution of the 
29Si MAS NMR peak in its Q4(Si-nA1) components, leading to the Si/A1TM ratio. 
Then, knowing the chemical composition, the number ofA1F TM sites is computed. 

In summary, since the amounts of Lewis and Bronsted sites and their nature 
are known, this paper will compare these data to the distribution of the differential 
heat of NH3 adsorption with coverage. 

2. Experimental 

Three aluminas, including one commercial y-alumina and two aluminas rich in 
pentacoordinated aluminum called superfive and surperfive (2.8) aluminas, and 
three zeolites which include an ultrastable Y (USY), a steamed H mordenite (VG3) 
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and a H-ZSM5 were used for this study. Detailed information on the preparation 
procedure of these samples (except H-ZSMS) can be found in refs. [8,9]. It should 
be emphasized that the very same samples were used for the spectroscopic investi- 
gations. The H-ZSM5 was provided by PQ (ID# CBV3020). This sample has not 
been studied so far, except by 27A1 CP MAS NMR using chemisorbed NH3 as pro- 
ton reservoir (unpublished data). 

The aluminas were activated at 600~ and the zeolites at 500~ before NH3 
adsorption and microcalorimetric measurements. The adsorption isotherms were 
carried on at 115~ Two sets of measurements were performed: the pressure in the 
first isotherm was increased up to P/Po  ~ 3 x 10 .3 step by step. Then, the sample 
was outgassed at 115~ for 4 h and the second adsorption isotherm was run up to 
the point where it became parallel to the first one. The difference between both iso- 
therms is the amount of irreversibly adsorbed NH3 (at 115~ The heat of chemi- 
sorption will be plotted with respect to a degree of coverage which is the amount of 
NH3 adsorbed divided by the amount of irreversibly adsorbed NH3. Details on 
the microcalorimetric apparatus can be found in refs. [1-7]. Table 1 contains the 
main parameters of interest for the comparison with the heats of adsorption of 
NH3 and the NH3 adsorption isotherms. 

3. Results 

The variations of the differential heats of adsorption with coverage are shown 
in figs. 1-3. The differentiation between aluminas and zeolites is evident. On the 
aluminas AHa decreases logarithmically with the coverage. This is the classical case 
for an heterogeneous surface on which the adsorption isotherm belongs to the 
Freundlich type [ 13,14], 

0 = (P/Po)  1/m 

with m > 1. 

Table 1 
Surface characteristics: A: N2 BET (aluminas) or Langmuir (zeolites) surface area; L1 number of Le- 
wis sites with tetrahedral coordination and L2, number of Lewis sites with pentahedral coordination 
obtained from CO chemisorption; A1TM, tetrahedral framework aluminum obtained from 298i MAS 
NMR; Irr. NH3, irreversibly chemisorbed NH3 

Sample A L1 L2 AI~ Irr. NH3 
(m 2 g-l) (x 1020/g) (• 1020/g) (• 1020/g) (• 1020/g) 

T - A 1 2 0 3  268 1 0.22 - 1.7 
superfive 360 0.68 0.27 - 1.87 
superfive(2.8) 360 (L1 + L2) ~ 1.2 - 1.95 
VG3 500 1.2 0.53 8.4 4.7 
USY 750 (L1 + L2) ~ 0.9 17 4.83 
H-ZSM5 430 n/a n/a 3.46 3.98 



182 A. Auroux  et al. /NHsheatofchemisorptionandacidity 

-~- 220 
O 

,.,~ 200 
O 

180 
O {/} 

.6 160 

= 140 

P 120 

m 
100 

0 

[•,, 

E~,,. O 
""53 ......... E 

a 

0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 
Ammonia Coverage Ammonia Coverage 

~220  b 

~ 200 

o_ 

~ a 
~ 16o ., 

= 140 "~ 
..... 0 

C %, 

120 "~.....~ 
....... ~.. 

100 ....... 

Fig. 1. Differential heats of adsorption (kJ tool -1) versus degree of coverage obtained: (a) for a 
v-alumina and (b) for an alumina rich in pentacoordinated aluminum (superfive). In all figures the 
degree of coverage is calculated with respect to the irreversibly chemisorbed NH3 (left on the surface 
after outgassing overnight at 115~ In all figures the vertical bar indicates the degree of coverage 

corresponding to the total amount of strong Lewis sites. 

On the zeolite an initial logarithmic decrease is followed by a pseudo-linear varia- 
tion similar to that leading to a Temkin isotherm [16]. The linear decrease is often 
attributed to the repulsion between chemisorbed species. The parameters of the 
Freundlich or Temkin equations are shown in table 2. It is interesting to observe 
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Fig. 2. Differential heats of adsorption (kJ mol -~) versus degree of coverage obtained: (a) for a 
steamed H mordenite (VG3) and (b) for ultrastable Y. See additional comments on fig. 1. 
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Fig. 3. Differential heats of adsorption (kJ mo1-1) versus degree of coverage. (a) H-ZSM5 and (b) 
an alumina (superfive 2.8) poorer in pentacoordinated aluminum than the sample shown in fig. lb. 

See additional comments on fig. 1. 

t ha t  the different ia l  heats  o f  adsorp t ion  for  the six samples s tudied here are larger  
or  equal  to 110 kJ  mo1-1 for  69 ~< 1. In other  terms, molecules  wi th  different ia l  heats  
o f  adso rp t ion  smaller  t han  110 kJ  mo1-1 are no t  re ta ined on the surface unde r  
v a c u u m  at  115~ 

On the a luminas ,  the irreversibly adsorbed  NH3 represents an  average surface 
dens i ty  o f  0.56 sites per n m  2. Since according to Kn6z inger  and  R a t n a s a m y  [15] in 
a luminas  there are abou t  8 a l uminum per  n m  2, less t han  10% of  t hem are used  as 
Lewis sites. The m a x i m u m  differential  heats  o f  adsorp t ion  on a luminas  is the low- 
est ( ~  200 kJ  mo1-1) for the 3,-alumina, the highest  ( ~  230 kJ  mo1-1) for  the super- 
five a lumina  and  in te rmedia te  for  the superfive (2.8) a lumina.  This sequence is 
also tha t  o f  the relative abundance  of  pen tacoord ina t ed  a l u m i n u m  on the surface 
[8]. W h e n  69 -- 1, the differential  heats  o f  adsorp t ion  scale in the opposi te  order  (see 

Table 2 
Numerical parameters (kJ mo1-1) obtained from points fitting in figs. 1-3 

Sample Fig. Freundlich Temkin 
AHa = a - b In ~9 AHa = A - B~9 

a b A B 

7-A1203 la 119.0 23.0 - - 
superfive lb 102.7 29 - - 
superfive 2.8 3b 112 27.5 - - 
VG3 2a 137.5 15.5 185.1 79.6 
USY 2b 130.3 10.3 144.4 22.6 
H-ZSM5 3a 119.1 19.0 144.4 21.6 
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parameter a in table 2), e.g. being the largest on y-alumina and the lowest on the 
superfive alumina. These values are in general agreement with those shown in the 
literature (ref. [7] and references therein). 

Thus, the alumina which has the highest relative content in pentacoordinated 
aluminum also has the largest distribution of acid strengths, measured by the differ- 
ential heat of adsorption. Otherwise, since the density of state (d~9/dE) decreases 
linearly with coverage in a Freundlich isotherm, there is no singularity in the distri- 
bution of the sites with respect to their strengths. 

The ratios (L1 + L2)/NH3 (see table 1) are 0.72, 0.52 and 0.61 for y-A120% 
superfive and superfive (2.8) aluminas, respectively. The corresponding values of (9 
are shown by vertical bars in figs. la, lb  and 3b. It is interesting to observe that 
these bars intercept the distribution curves at nearly constant values of the heat of 
adsorption, namely, 125 + 2 kJ mo1-1. Thus, the "strong" Lewis sites observed by 
the CO adsorption on aluminas have an acid strength, defined by the differential 
heat of ammonia chemisorption, larger than the differential heat corresponding to 
the irreversibly adsorbed NH3 at 115~ 

As far as the zeolites are concerned, the evolution of AHa versus coverage con- 
tains two well-differentiated regions. The first which encompasses an energy range 
from ~ 210 to about 140 kJ mol-1 extends almost exactly up to the value of 6; corre- 
sponding to the total number of Lewis sites (L1 +/-,2) obtained from the CO FTIR 
technique. On H-mordenite, Spiekwak et al. [7] have observed a plateau with a 
nearly constant heat of chemisorption of 155 kJ mo1-1 extending up to 800 ~tmol/ 
g-1. On HY Macedo et al. [16] have observed that after steaming the plateau is pre- 
ceded by a relatively steep decrease of the differential heats of chemisorption from 
,,~ 230 to ,,~ 180 kJ mo1-1. The three H zeolites studied here have been purposedly 
treated in such a way as to contain a noticeable amount of extra-framework alu- 
mina and for each of them we observed the initial logarithmic decrease, as on the 
aluminas. Hence, we conclude that on these zeolites, the first step of the microcalori- 
metric titration concerns the Lewis sites. Hence, the second step corresponding to 
the Temkin isotherm ought to be the titration of the Bronsted sites. 

For USY, between 69 ~ 0.18 to 69 ,~ 1, the differential heat decreases slowly 
from ~ 140 to ~ 120 kJ mo1-1 . For VG3 mordenite it decreases steeply from ,,~ 150 
to 105 kJ mol -I between (9 -- 0.37 and 1. The HZSM5 behaves as USY. The rela- 
tively large distribution of Bronsted acid strength could be explained by a repulsion 
between chemisorbed species. A high Si/A1 ratio does not rule out this explanation 
because interactions between Bronsted and Lewis sites are also possible. This is 
especially true for VG3, where there is a large number of highly dispersed Lewis 
sites [9]. The distribution of Lewis and Bronsted sites is very different for these 
three zeolites. As easily calculated from the results in table 1, if the difference 
between the amount of irreversibly adsorbed NH3 and (L1 q- L2) is the amount of 
Bronsted sites titrated by NH3, the ratio of this amount to the number ofAl~ v is 35 
and 23% for VG3 and USY, respectively, but it must be close to 100~ for H- 
ZSM5. In VG3 and USY a part of the Bronsted sites are not available to NH3 or 
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"neutralized" by non-framework debris. Macedo et al. (ref. [16, fig. 1]) have 
shown that in USY the amount  of strong Br~nsted sites is rather low. 

4. Conclusions 

Microcalorimetric titrations of aluminas and zeolites by ammonia  have shown 
interesting correlations with the study of the nature of the Lewis sites by N M R  and 
of  their number  by CO FTIR.  

(1) The numbers of Lewis sites obtained from the intensities of the CO stretch 
near 2190 cm -1 and near 2210 cm -1 match well the titration of the most  energetic 
sites in zeolites. 

(2) The solids with the highest energetic sites are also those in which the relative 
amount  ofpentacoordinated aluminum is the highest. 

(3) The distribution of the sites with respect to the differential heats of  NH3 
adsorption is exponential for the Lewis sites (Freundlich isotherm) and linear 
(Temkin isotherm) for the Bronsted sites. 

The significance of the differential heats of adsorption for Bronsted and Lewis 
sites is not  easily comparable. For the former it is the difference between the 
enthalpy of dissociation of the acid hydroxyl and the enthalpy of protonat ion of  
ammonia.  For  the Lewis site the differential heat of adsorption represents the 
energy associated with the transfer of electron density towards an electron defi- 
cient, coordinately unsaturated site, and probably an energy term related to a 
relaxation of the strained surface. 
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