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A comparative calorimetric study hrts been made of the heat of chemisorption of 
ammonia at 30°C on various preparations of alumina, silica, silica-alumina, and Linde 
molecular sieve X. 

Curves of heat of adsorption (n) versus coverage (0) for chi, eta, and gamma alumina 
all have the same general form. A small fraction of the chemisorbed ammonia is very 
strongly held. An initially high heat of 20-40 kcal mole-l falls over the first few percent 
of a monolayer to a constant value between 11 and 13 kcal mole-l. The highest initial 
heat was observed for alumina prepared in the absence of alkali metal ions. 

Silica-alumina shows a significantly greater integral heat (up to 20% coverage) than 
alumina, but heats at very low coverage are not higher than those observed on pure 
alumina. This indicates an equivalent number of strong acid sites but a larger number 
of weaker acid sites on silica-alumina. The behavior is otherwise similar. The influence of 
composition on ammonia adsorption has been studied over the range O-40y0 Al203 in 
silica-alumina. 

Calcium X behaves similarly to alumina, and has a higher heat of ammonia adsorption 
than the corresponding sodium aeolite at all coverages. 

No minima or maxima in the q-6 curves, suggesting the existence of strong attractive 
interactions in the chemisorbed ammonia layer, were found for any of the oxides investi- 
gated, contrary to certain earlier calorimetric observations. It is suggested that these 
effects may be due to differences in calorimetric practice. 

INTRODUCTION aluminas, although not entirely homogene- 

In spite of the widespread use of alumina, ous structurally, can at least be character- 

silica-alumina, and crystalline aluminosili- ized physically and classified according to 

cates as catalysts and catalyst supports, the the principles of structural chemistry (5). 

exact nature of their acidity and its tradi- At about the same time, there also appeared 

tional association with catalytic properties the first of the extremely significant re- 

are still open questions. The original sugges- searches on the catalytic properties of 

tions (1, 2, 3) linking the acidity of calcined molecular sieves (6), where not only the 

silica-alumina gels with surface coordination matrix but also the “surface” can to a large 

have proved difficult to develop, mainly extent be crystallographically defined. These 

because of the amorphous nature of these developments have brought the discussions 

solids. With the publication in 1960 of a on acidity, surface coordination, and carbo- 

paper by Pines and Haag (4), establishing nium ion generation very much into the 

the acidic properties of alumina itself, there foreground at the present time. 

emerged a new incentive for further research In this paper we report a comparative 

in this area since the various transition calorimetric study of the chemisorption of 
ammonia on a variety of preparations of 

* Present address: Ministry of Technology, alumina, silica, silica-alumina, and Linde 
Warren Spring Laboratory, Stevenage, Hertford- molecular sieves NaX and CaX. The heat 
shire. of adsorption of ammonia has been measured 
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as a function of amount adsorbed up to 
approximately 50% coverage. The calori- 
metric results have been obtained at 30°C. 
The application of gas chromatography to 
the determination of heats of ammonia 
adsorption at high temperatures is described 
in a separate paper (7). 

The research is complementary to a num- 
ber of investigations on ammonia adsorption 
published during the last four or five years. 
Clark and co-workers (8) have determined 
isosteric heats on silica-alumina of various 
composit’ions from adsorption measurements 
at 100-4OO”C; MacIver and co-workers (9) 
have investigated ammonia adsorption on 
eta and gamma alumina as a function of 
calcination conditions, while Kubokawa (10) 
and Amenomiya and co-workers (11) have 
examined the desorption of ammonia from 
alumina. Fripiat el al. (12), Hall and co- 
workers (15), and Peri (14) have reported 
in detail on the infrared aspects of the 
adsorption of ammonia on various alumino- 
silicate and alumina preparations, and 
Hirschler (16) has studied the influence of 
ammonia adsorption on measurements of 
acidity by carbonium ion indicators. Two 
calorimetric studies of ammonia adsorption 
have also been made: Kevorkian and 
Steiner (16) measured heats as a function of 
coverage on alumina specimens derived from 
bayerite, and Hsieh (17) reported similar 
results for silica-alumina cracking catalyst. 
A unique and surprising feature of these 
calorimetric results was the observation of 
a minimum in the heat of adsorption at 
moderately low coverage (below 15oj,), 
followed by a broad maximum. The rise of 
the heat of adsorption between the minimum 
and maximum was up to 4 kcal/mole for 
alumina (16) and 7 kcal/mole for silica- 
alumina (17). The heats evaluated from the 
indirect, measurements (8, 11) reveal no such 
anomalies, and an examination of this 
discrepancy was therefore one of our primary 
aims. 

EXPERIMENTAL 

Apparatus and procedure. The calorime- 
ter and its application to the measurement of 
heats of adsorption on powdered adsorbents 
have been described previously (18). The 

calorimeter normally contained between IO 
and 15 g of adsorbent and the water equiva- 
lent of the calorimeter and its contents was 
normally between 8 and 9 g. Before heat 
measurements the adsorbent was outgassed 
in the calorimeter at 480°C until the residual 
pressure dropped below 1O-5 mm Hg. The 
calorimeter was then cooled and placed in 
a thermostat at 30°C. 

Increments of coverage were made by 
admitting doses of ammonia to the calori- 
meter from a calibrated volume of 270 cm3. 
The temperature rise and pressure fall were 
then measured simultaneously. The gas was 
normally admitted at about 25 mm pressure, 
but at high coverages some larger doses at 
two to three times this pressure were 
admitted. The volume adsorbed was calcu- 
lated from pressure measurements made 
before and after admission using a wide-bore 
mercury manometer and McLeod gauges. 
During the adsorption of a dose at low 
coverage the pressure dropped to about 1O-2 
mm during the first 30 set and then fell 
more slowly to about 10m4 mm. A succession 
of 10 to 20 doses was made in each run in 
order to obtain the heat of adsorption as a 
function of coverage. 

Surface coverages were based on mono- 
layer volumes determined by the BET 
method using nitrogen at 77°K. An area of 
16 A2 was assumed for the nitrogen molecule, 
and the same area was taken for the 
ammonia molecule. Ammonia coverages were 
therefore calculated by dividing the volume 
of ammonia adsorbed by the nitrogen v,,,. 

Materials. Ammonia was obtained from 
a cylinder supplied by the British Oxygen 
Company. The gas was condensed in an 
ethanol-CO2 trap and then allowed to evapo- 
rate into the vacuum system. It was sub- 
jected to several bulb-to-bulb distillations, 
and the middle fract,ion was retained and 
stored in glass bulbs. 

Samples of chi alumina, eta alumina, and 
gamma alumina were kindly supplied by 
Peter Spence and Sons, Limited. Chi 
alumina was obtained by calcination of 
gibbsite at 550°C for 2 hr; eta alumina was 
prepared by similar calcination of bayerite. 
Gibbsite and bayerite had been electrolyti- 
cally prepared, and total metallic impurities 
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COVERAGE % 

FIG. 1. Heats of adsorption of ammonia at 3O’C on chi alumina: -, first series; - - - - - second series. 

were stated as 100 ppm or less. Samples of 
Linde molecular sieves NaX and CaX were 
obtained from B.D.H. as extrudates. Silica 
and silica-alumina samples of several compo- 
sitions were kindly supplied by Joseph 
Crosfield and Sons Limited. 

A quantity of chi alumina (Spence) was 
treated with 0.1 N KOH solution to examine 
the effect of contamination with potassium 
ions. After filtration the alumina was washed 
with distilled water and dried at 110°C. It 
was then placed in the calorimeter and 
baked out in the usual way. The extent of 
the doping was 2.5 moles KOH per 100 
moles A&OS. 

One sample of alumina was prepared in 
the laboratory from aluminium isopropoxide 
supplied by B.D.H. The isopropoxide was 
vacuum-distilled, and the supercooled dlstil- 
late was diluted with an equal volume of 
isopropanol. The solution was then dropped 
slowly into a large volume of deionized 
water contained in a polythene beaker at 
0°C. The resulting precipitate was centri- 
fuged, washed once with isopropanol, and 
twice with deionized water, and then dried 
at 1lO’C. An X-ray powder photograph con- 
firmed that the dried precipitate was 
boehmite. This was calcined at 500°C in a 
muffle furnace for 9 hr and the product was 
gamma alumina. This is designated gamma 
alumina II, and gamma alumina (Spence) 
as gamma alumina I. 

The adsorbents were used in the calori- 
meter as granules of 30 to 40 mesh. Their 
surface areas are summarized in Table 1. 

TABLE 1 
BET SURFACE AREAS 

Adsorbent 

Chi alumina 
Chi alumina impregnated with KOH 
Eta alumina 
Gamma alumina I 
Gamma alumina II, from 

Al isopropoxide 
NaX 
CaX 
Silica-alumina (40% A1,03) 

(33% AM&) 
(23% ALOd 
(14% AhOd 

Silica 

Surface area 
W/d 

190 
175 
190 
210 
240 

560 
640 
270 
380 
230 
230 
325 

RESULTS 

Heats of adsorption of ammonia on 
chi-, eta-, and gamma alumina. Results 
for the heat of adsorption of ammonia as a 
function of coverage on chi alumina are 
illustrated in Fig. 1. Seventeen increments 
of ammonia were successively admitted to a 
fresh sample, giving a total coverage of 50%. 
The stepped curve shows the extent to 
which the experiment approaches the ideal 
of a differential heat measurement. The 
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curve can be seen to consist of two distinct 
regions. Below about 6% of a monolayer 
the heat is strongly dependent on coverage, 
falling from an initial value of 25 kcal/mole 
to about 13 kcal/mole. Between 6% and 
50% coverage, there is a very slight fall to 
11 kcal/mole. 

After the adsorption run had been com- 
pleted, the desorption was studied as a 
function of temperature by isolating the 
calorimeter and heating it to successively 
higher temperatures. From the equilibrium 

After cooling to 30°C a second heat of 
adsorption curve was measured (Fig. 1). 
The higher heats at low coverage are again 
apparent, indicating that the outgassing 
treatment had successfully removed most 
of the ammonia remaining adsorbed at 
500°C in Fig. 2. The heat released by the 
first increment, however, is a few kilocalories 
less, suggesting either that the ammonia 
adsorbed on the most active sites cannot 
be desorbed even by rigorous outgassing at 
500°C or that the strongest sites have been 

pressure observed at each temperature the destroyed. 

VOLUME INITIALLY ADSORBED ------_-------------------------- 

FIG. 2. Desorption of ammonia from chi alumina. 

amount desorbed was calculated, and the The differential heat curve for eta alumina 
results are shown in Fig. 2. A total of 180 
cm3 (STP) had been adsorbed at 3O”C, but 

is shown in Fig. 3. The shape is very similar 
to those for chi alumina. The initial heat of 

even at 500°C only 130 cm3 was desorbed. 21 kcal/mole is somewhat lower than the 
The 50 cm3 remaining on the surface at 
500°C corresponds to a coverage of 12%. 

25 kcal/mole observed initially for chi 
alumina, and the decrease in heat with 

The ammonia held on the more active sites 
of the chi alumina is evidently not removed 

coverage is less steep. The corresponding 
results for gamma alumina I are also shown 

by heating to 500°C in a closed system. In 
order to discover whether the gas adsorbed 

in Fig. 3. The init.ial heat (21 kcal/mole) is 

on these sites could be removed by pro- 
the same as that for eta alumina, but the 

longed heating in vacua, the specimen was 
fall with coverage is somewhat more rapid. 

outgassed at 480°C and 1O-g mm for 36 hr. 
The heat of adsorption reaches 13 kcal/mole 
already at 4% coverage. The effect on the 
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heat curves for these aluminas of outgassing 
at 480°C was similar to that found for chi 
alumina. 

The heat of adsorption curve for the chi 
alumina that had been treated with potas- 
sium ions is shown in Fig. 4. The curve lies 

IO 20 30 

COVERAGE % 

FIG. 3. Heats of adsorption of ammonia at 3O’C: 0, 
eta alumina; 0, gamma alumina I. 

0 IO 20 30 

COVERAGE % 

FIG. 5. Heats of adsorption of ammonia at 30°C 
on gamma alumina II. The broken line shows the 
result of Kevorkian and Steiner (16) for the heat of 
adsorption of ammonia at 50°C on alumina calcined 
at 594°C (296 m”/g). 

slightly below that for the untreated chi 
alumina in the region between 7% and 25% trated in Fig. 5, the initial heat of adsorption 
coverage, but it is unlikely that this differ- is 38 kcal/mole, very much higher than on 
ence is experimentally significant. any of the other aluminas. The heat at 

The results obtained for gamma alumina high coverage, however, is significantly 
II (prepared from the isopropoxide in the lower. 
absence of alkali metal ions) are quite differ- Heats of adsorption of ammonia on 
ent from those mentioned so far. As illus- silica-alumina. The full differential heat 

COVERAGE % 

FIG. 4. Heats of adsorption of ammonia at 30°C on chi alumina treated with 0.1 N KOH. The b.oken 
line refers to the untreated specimen (Fig. 1). 
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curve for a typical cracking catalyst 
(23% A1203) is shown in Fig. 6. This sub- 
stance has the highest initial heat of adsorp- 
tion and integral heat of adsorption of the 
whole series. The shape of the curve, how- 
ever, is very similar to those of the aluminas 
in ‘general. The heat falls abruptly from an 
initial value of 40 kcal/mole to 12 kcal/mole 
at 50% coverage. , 

COVERAGE % 

FIG. 6. Heats of adsorption of ammonia at 30°C 
on silica-alumina (23yc A&03): 0, F. S. Stone and 
L. Whalley; 0, F. S. Stone and N. K. C. Whalley, 
separate investigation. The broken line shows the 
result of Hsieh (17) for the heat of adsorption of 
ammonia at 0°C on silica-alumina (25% A1203). 

Silica-aluminas of other compositions 
(14%) 33%, and 40% alumina) have 
recently been investigated in our laboratory 
by Mr. N.K.C. Whalley, who has also 
examined a pure silica. The general form of 
the heat of adsorption curve is similar to 
that of Fig. 6 in all these cases, but none 
shows as high an initial heat as the specimen 
whose characteristics are illustrated in Fig. 
6. As is shown in Table 2, the integral heat 
of adsorption up to 20% coverage is also 
greatest for the specimen with the composi- 
tion 23% A1203, 77(% SiOz. 

Heats of adsorption of ammonia on 
molecular sieves. Linde molecular sieve X 

(faujasite-type structure) was studied in the 
form of CaX and NaX. The differential heat 
curves for ammonia adsorption are shown in 
Fig. 7. The behavior of the two sieves is 
quite different. The calcium form gives a 

TABLE 2 
HEATS OF ADSORPTION OF AMMONIA AT 30°C 

ON SILICA AND SILICA-ALUMINA” 

% AlaOr 

‘h”,“,“t”‘,“: 

Initial adsorption 
heat of 

adsorption 
up to 20% 
coverage 

70 Silica (km1 mole-~) (km1 mole-l) 

0 100 19 15 
14 86 23 15 

23 77 36 19 

33 67 27 18 
40 60 24 18 

a After N. K. C. Whalley (19). 

curve which is of the same form as the curve 
for the aluminas, although the inibial heat 
and also the integral heat of adsorpt,ion are 
lower than for any of the alumina specimens. 
The sodium sieve, on the other hand, does 

51 I I I 
0 IO 20 30 

COVERAGE % 

FIG. 7. Heats of adsorption of ammonia at 30°C 

on Linde molecular sieve X: 0, CaX; l NaX. 

not exhibit the high initial heat of adsorp- 
tion which is characteristic of the other 
adsorbents. Indeed this compound has the 
most uniform heat of adsorption of all the 
substances studied. The curve for the sodium 
sieve lies as a whole below that of the calcium 
sieve, giving an integral heat of adsorption 
(up to 25% coverage) of 11 kcal/mole 
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caompared to 13 kcal/mole for the calcium 
form. 

DISCUSSION 

A rise in the heat of adsorption to give a 
maximum in the plot of heat of adsorption 
(q) versus coverage (0) near the monolayer 
has been established experimentally in. a 
number of cases of physical adsorption 
(20, 61), and is satisfactorily explained on 
the basis of the attractive interactions be- 
tween adsorbate molecules dominating the 
effects of surface heterogeneity and repulsive 
interaction. The observed (and calculated) 
rises in these cases are normally less than 
1 kcal mole-l. In chemisorption, the presence 
of surface heterogeneity and of endothermic 
processes related to the transfer of charge 
in t’he developing adsorbed layer lead to 
larger decreases in 4 than in physical adsorp- 
tion, with the result that attractive inter- 
actions are much less likely to manifest 
themselves in the q-0 curve. For this reason, 
the recently published results of Kevorkian 
and St,einer (16) for the chemisorption of 
ammonia on alumina and those of Hsieh 
(17) for ammonia chemisorption on silica- 
alumina, examples of which are given in 
Figs. 5 and 6, respectively, show a most 
unexpected behavior of the heat of adsorp- 
tion on coverage. In our experience the 
results of these authors are unique in showing 
such large rises of heat of adsorption at such 
low coverages. If correct, they point to a 
remarkably specific attractive interaction 
between localized, oriented ammonia mole- 
cules or their reaction products at the oxide 
surface. Such a phenomenon would almost 
certainly have consequences for the adsorp- 
tion and reactivity of other molecules with 
basic characteristics, and demanded further 
investigation. 

The most, important conclusion to emerge 
from our work is that there are no minima 
or maxima in the curves of Q versus 0 for 
ammonia adsorption on any of the aluminas 
or silica-aluminas that we have studied. 
We have deliberately extended the range of’ 
specimens to include aluminas of different 
purity and aluminum+xygen coordination 
and silica-aluminas of differing composition 
about the 25% A1203 content used by Hsieh. 

It is difficult, therefore, to account for the 
discrepancy in terms of differences in prepa- 
ration. Moreover, the work of Clark et al. 
(8) and of Amenomiya and co-workers (11) 
on heats of ammonia chemisorption deter- 
mined by indirect noncalorimetric methods 
is in good general agreement with our direct 
investigation of the heats of adsorption, and 
does not support the idea of a rise in heat 
at intermediate coveragt We are led, there- 
fore, to consider the extent to which calori- 
metric practice might produce anomalous 
results at intermediate coverages. 

The resistance thermometer calorimet,er 
which we have used is designed to minimize 
the adverse effects of local heating during 
rapid adsorption. It has also a relatively 
large thermal capacity, containing IO-15 g 
of adsorbent. Furthermore, we dosed ammo- 
nia at fairly high pressure (25 mm) to achieve 
good equilibration of heat. The thermo- 
couple calorimeters used by Kevorkian and 
Steiner (16) and by Hsieh (ly), on the other 
hand, were apparently of low t,hermal 
capacit’y (l-2 g of adsorbent) and relied on 
a single junction to measure the t>empera- 
ture rise. Experience in our own laboratory 
(2%‘) inclines us to think that single-jmlction 
calorimeters in designs where there is rapid 
cooling t’o the surroundings may not register 
the full heat liberated in very fast chemisorp- 
tion processes. It should be noted that t,he 
heats observed by Hsieh in the range up 
to 3Oye coverage (which covers the whole 
of the anomalous region) are very much lower 
than those observed by us and those re- 
ported by Clark et al. (8). Poor thermal 
response up to 0 = 0.3 would simultaneously 
account for a minimum and a maximum in 
the q-0 relation, since the extremely high 
heats of adsorption for initial doses (Fig. 6) 
can be expected to show t’hrough in spite 
of a poor response, albeit with arbitrarily 
low numerical values. At higher coverages 
the adsorption becomes less rapid; local 
heating at a distance from the thermocouple 
is less likely to occur and the calorimeter is 
then able to register more correctly the 
heat liberated in the adsorption. The same 
observations are pertinent wit,h respect to 
the comparison between our results on pure 
alumina and silica and those of Kevorkian 
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and Steiner (16), although the anomalous 
effect in their calorimeter would not appear 
to be so great. Thus, in the absence of further 
experiments with more elaborate isothermal 
calorimeters, we consider that it is the 
calorimetric method, combined with the 
special characteristics of ammonia adsorp- 
tion on these high area solids in respect of 
the rate of heat release, which is probably 
responsible for the minima and maxima 
rather than unique properties of the ad- 
sorbed ammonia. The rate of adsorption is 
certainly dependent on coverage, being very 
rapid at low 13, and it is worth remarking 
that one apparent small rise in p which we 
observed (Fig. 1, Curve 2) occurred when 
an abnormally large increment of coverage 
was made. Such rises are certainly within 
experimental error in our calorimeter. 

Adsorption of ammonia on alumina. 
The plots of q versus 0 have the same general 
form for all the aluminas studied. An initially 
high heat of 2040 kcal mole-’ falls very 
rapidly over the first few percent of the 
monolayer to flatten out at about 13 kcal 
mole-l. Thereafter q decreases very slowly 
with 8, reaching ~11 kcal mole-l at 50% 
coverage. The infrared studies of Parry (23) 
and of Peri (14) lead us to suppose that the 
great majority of the strong ammonia chemi- 
sorption at 30°C results from its reaction as 
a base with Lewis acid sites on the oxide 
surface. On this view, and assuming 1: 1 
correspondence between ammonia molecules 
and acid sites, the upper limit for the strong 
adsorption (q > 14 kcal mole-‘) of 7% im- 
plies a concentration of not more than 
4 X 1013 per cm2 for the acid sites on alumina 
(1 monolayer = 6 X 1014 molecules cm+ 
for A0 = 16 &). Of these, approximately 
20-25y0 have q > 20 kcal mole-’ (strong 
sites). Chi alumina and eta alumina, which 
are derived directly from the respective 
Al(OH)s compounds gibbsite and bayerite, 
have more acid sites than the corresponding 
gamma alumina I derived indirectly from 
Al(OH) 3 via boehmite. Gamma alumina and 
eta alumina have very similar structures, 
both being related to that of spinel, 
&&Uoc,O4, with oxygen ions in cubic 
close packing. Gamma alumina, however, 
shows a tetragonal distortion from the spine1 

structure, and the cation vacancies demanded 
by the stoichiometry of A1203 (O+ A12~0,) 
are thought to be located exclusively on 
the tetrahedral sites, (03 Al&[AI&,,,O, 
(24). In eta alumina, the work of Krischner 
(26) indicates that the distortion from the 
cubic structure is absent, which may imply 
a different distribution of the cations. How- 
ever, bearing in mind the results for gamma 
alumina II (Fig. 5), there does not appear 
to be an intrinsic property of the structure 
which determines ammonia adsorption heat 
behavior, although catalytic behavior is 
reportedly different (26). Other variables, 
such as hydroxyl content and alkali metal 
ion content, to which we refer below, are 
presumably more significant. Our figure of 
4 X 1013 per cm2 (maximum) for the surface 
density of acid sites on alumina is lower than 
that given by Webb (27) (10 X 1Ol3 per cmz) 
from ammonia chemisorption, but close to 
that determined by Pines and Haag (4) 
(2 X 1013 per cm*) from trimethylamine 
adsorption. The latter authors consider that 
the number of acid sites capable of isomer- 
izing cyclohexene was only 8 X 1012 per cm2. 
This discrimination in favor of a fraction of 
acid sites more active than others is entirely 
supported by our observation of a steeply 
falling q-0 curve at low coverages. Analogy 
implies that activity for cyclohexene isomer- 
ization corresponds to sites with heats of 
ammonia chemisorption greater than about 
20 kcal mole-’ 

The presence of alkali and alkali metal 
salts in alumina reduces the acidity (4, IS). 
Our results confirm that alumina is poisoned 
more easily by adventitious exposure to 
alkali metal ions during preparation than 
by impregnation after calcination. The most 
active of our aluminas (gamma alumina II) 
was one prepared by avoiding contact of 
solutions with glass or aluminosilicates. It 
is interesting, however, that the digestion of 
chi alumina with KOH did not reduce q at 
low 0; indeed, there was almost no effect. 
Chi alumina, it should be recalled, is pre- 
pared from gibbsite, which probably has to 
contain sodium to be stable (28). Kevorkian 
and Steiner (16) also observed that impreg- 
nation with KOH did not completely 
destroy acidity. 
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The lowest heat of adsorption measured 
(~11 kcal mole-’ at 50% coverage) is still 
much higher than the heat of liquefaction of 
ammonia, which is ~5 kcal mole-’ at 30°C. 
Peri (14) has shown in his infrared work 
that the O-H stretching frequencies of the 
residual hydroxyl content of outgassed 
alumina are affected by ammonia adsorption 
beyond the range of the strong chemisorp- 
tion. Thus the enhanced heat is at least 
partly due to a contribution from hydrogen 
bonding supplementing the energy of phys- 
ical adsorption, an effect which is well known 
in the adsorption of -OH or -NH containing 
vapors on hydroxylated surfaces (29). 

The experiment illustrated in Fig. 2 fully 
accords with the experience of Peri (14) that 
an appreciable fraction of the ammonia 
chemisorbed on alumina cannot be removed 
by outgassing at 500°C. As shown by Peri 
(14), the adsorbed ammonia can react at 
high temperatures as a Bronsted acid with 
oxide ions to form NHZ- and OH-; attempts 
to desorb ammonia also result in loss cf some 
water of constitution (15). It follows that 
adsorption equilibria studied below 500” 
refer to only a part of the adsorbed ammonia. 
This adversely affects attempts to measure 
the heat of adsorption at high temperatures 
by noncalorimetric methods (7). 

Adsorption of ammonia on silica-alu- 
mina and Liude X. The silica-aluminas 
which we have investigated embrace the 
range of composition (70-90% SiOZ) which 
is generally regarded as being most active 
for cracking, isomerization? and polymer- 
ization catalysis. The ammonia adsorption 
heats (Table 2) provide a further illustration 
of the well-established trend (1) towards 
increasing acidity as alumina is admixed 
with pure silica, and a maximum in the heat 
occurs for the 23% Al203 specimen. The 
maximum, however, is rather flat and arises 
in our work because of the very high heat 
of the 23% AhO specimen over the first 1% 
of coverage (Fig. 6). The initial heats of 
adsorption on the silica-aluminas are not 
noticeably different from the spread of initial 
heats of adsorption observed with the 
aluminas, but taken over a broad range of 
coverage they have a significantly higher 
integral heat. Assuming this reflects differ- 

ences in acidity, the conclusion is that the 
silica-aluminas have a larger number of 
weaker acid sites than pure alumina. This 
agrees with the view that silica-alumina has 
appreciably more Bronsted acidity than pure 
alumina. The ammonia heat results of the 
present paper do not add further to the 
current dialogue on the amount and nature 
of the acidity in these materials, but, it should 
be noted that they are free from certain 
drawbacks (15) associated with the deter- 
mination of acidity ..distributions from 
ammonia desorption at Hugh temperature. 

To accommodate greater reliability in 
the calorimetric measurements with regard 
to the q-0 variations reviewed in the first 
part of the Discussion, the zeolites NaX and 
CaX were not employed as the pure fine 
powders but as coarser granules obtained by 
crushing the commercially available ex- 
trudates of CaX and NaX, which presum- 
ably contain a proportion of binder. This 
qualifies the absolute significance of the 
numerical values of the heats obtained, and 
may account for our NaX curve (Fig. 7) 
being somewhat flatter than that reported 
by Kiselev (29) for a similar adsorbent, but 
internal comparison between our CaX and 
NaX results is less likely to be affected. With 
this provision, the results with Linde X 
are of interest in that CaX is known to be 
a much more effective cracking catalyst 
than NaX. Moreover, the respective crack- 
ing patterns reported (SO) are such that the 
process over CaX is characteristic of car- 
bonium ion reactions (as with the acidic 
silica-alumina) while that over KaX is more 
characteristic of free-radical (thermalj 
cracking. The ammonia adsorption data 
presented in Fig. 7 show a clear discrimina- 
tion in the direction of greater heats of 
adsorption on CaX compared to NaX, 
similar to the comparison between silica- 
alumina and alumina mentioned in the 
preceding paragraph. There appears to be 
a correlat.ion between catalysts which sup- 
port carbonium ion cracking and greater 
ammonia adsorption heat in the region 
of medium coverage. Although the matter 
is still debated, the activity of the zeolite 
catalysts in carbonium ion formation has 
been attributed to specific action of the 
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multicharged ions (31) lodged in the matrix 
rather than to Bronsted or Lewis acidity. 
In this connection it is of interest that CaX 
behaves so differently from silica-alumina 
towards ammonia adsorption at very low 
coverage. Although acidic to some degree, 
there are obviously no strong acid sites on 
CaX or NaX as we have studied them which 
are comparable to those on silica-alumina 
or pure alumina. 
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