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Nonaqueous titration using indicators which form stable carbonium ions on the 
catalyst surface has been applied to the measurement of the acid-strength distribution 
of acidic solids. These indicators distinguish between the acidity of cracking catalysts 
and that of aluminas. The acidity measurements correlate much better with catalytic 
behavior than do the results employing Hammett indicators. 

Certain salts of crystalline aluminosilicates are shown to possess acid properties: 
They stabilize surface carbonium ions and color Hammett indicators. The effect of 
alkali and alkaline earth ions on a silica-alumina is primarily one of modifying acid 
strength rather than elimination of acidity. The alkaline earth salts of crystalline 
and amorphous aluminosilicates have similar acid strength distributions, differing 
only in degree. 

Evidence is presented for the view that Bronsted acidity is responsible for car- 
bonium ion formation and catalytic activity. The nature of the blue species formed 
on reaction of l,l-diphenylethylene with silica-alumina is discussed. 

INTRODUCTION 

Acidic catalysts play a very important 
role in modern petroleum processing. Cata- 
lytic cracking, isomerization, reforming, 
cationic polymerization, and alkylation are 
examples of such acid-catalyzed processes; 
in each case reactions are believed to pro- 
ceed via a carbonium ion mechanism. 

The measurement of the acidity of solid 
surfaces has been the subject of much re- 
search, and a number of different methods 
have been employed. This literature has been 
summarized by Holm, Bailey, and Clark (1). 
Walling (2) suggested measurement of the 
acid strength of solids by means of indica- 
tors; nonaqueous titration of solids employ- 
ing Hammett indicators has been used to 
determine not only the amount of acids 
present, but also the distribution of catalyst 
acidity in terms of acid strength (34). 

A recent paper from this laboratory (6) 
showed that several aspects of catalytic 
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activity and selectivity could be correlated 
with the acid-st.rength distribution as meas- 
ured by Hammett indicators (Hammett 
acidity). Despite this, the use of Hammett 
indicators was shown (6) to have certain 
limitations. Both cracking catalysts and 
aluminas possess very strong Hammett 
acidity, but the acidity of these two types 
of catalysts differs in a number of important 
respects. This suggests that at least a portion 
of the acidity in cracking catalysts is pro- 
tonic, while alumina contains chiefly Lewis 
acidity. The color reactions of Hammett 
indicators on solid catalysts may not be 
limited to proton transfer reactions as sug- 
gested earlier (5). 

Attention was therefore focused on indi- 
cators which might be specific for protonic 
acids. Diphenylethylene and certain aryl- 
methanols appeared to be possible indicators 
of this type. These indicators were also of 
interest in that the acid form is a carbonium 
ion. Since many of the acid-catalyzed reac- 
tions of interest in petroleum processing are 
believed to proceed by way of carbonium 
ion mechanisms, the ability of a ratalyst to 
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stabilize surface carbonium ions should be 
related to its catalytic activity. This paper 
describes the results of acidity measurements 
on a variety of catalysts employing car- 
bonium ion indicators. The possibility of 
using arylmethanols as well as Hammett 
indicators to measure the acid strength of 
solids was suggested by Walling (2), but no 
results of such an application have been 
described. 

THEORY 

The Hammett HO acidity function is based 
upon the following reaction: 

B+H+=BH+ (1) 

where B is a neutral base and BH+ is the 
colored conjugate acid form of the indicator 
base. The acid strength may be quantita- 
tively expressed by Hammett and Deyrups 
Ho function (7). 

H, = ~KBH+ - log (C,,+/C,) 
= - log (aI+jB/jBH+) (2) 

where pKnH+ = - log KBH+, C,,+/C, is the 
ratio of the concentrations of the indicator 
in its acid and basic forms, KBH+ is the ther- 
modynamic ionization constant of the con- 
jugate acid BH+, aH+ is the hydrogen ion 
activity, and je and jBH+ are activity 
coefficients. 

Arylmethanols, on the other hand, react 
with strong protonic acids according to the 
equation (8). 

ROH+H+=R++HzO (3) 

Here the conjugate acid, R+, is a colored 
carbonium ion. 

These arylmethanol-carbonium ion equi- 
libria have been used to define a new acidity 
function (8-10) which has been variously 
designated as CO, JO, and HR. The termi- 
nology of Deno et al. (10) will be employed 
here. 

HR = PKR+ - log (CR+/CROR) (4) 
= - log aHf + log aH.0 + log (fR+/fROH) 

The relationship between the two acidity 
functions can be obtained by combining 
Eqs. (2) and (4) 

HR = Ho + log aHzO - log fRfOjfBH’ (5) 
B R+ 

At high acid concentrations (> 80% 
HzS04) the last term in Eq. (5) cancels, and 
the two acidity functions differ by the 
logarithm of the activity of water. At lower 
acid concentrations, it was shown by Deno 
et al. (9) that the last term becomes quite 
significant. 

For arylolefin-carbonium ion equilibria, 
Deno et al. (11) derived the expression 

HR - log UH*O = ~K’R+ + log (C,I/~R+) 

(6) 

The prime was used to distinguish this 
pK from that for arylmethanol-c.ation 
equilibria. 

EXPERIMENTAL 

Indicators. The indicators used in the 
present study are listed in Table 1 together 
with their pK values and the acid concen- 
tration at which each is 50y0 converted to 
its acid form. The source of these data for 
the Hammett indicators is given in a previous 
paper (6); the data for the arylmethanols 
are, with one exception, taken from Deno, 
Jaruzelski, and Schriesheim (9). We have 
redetermined the equilibrium for 4,4’,4”- 
trimethyltriphenylmethanol and found it to 
be half converted to the carbonium ion at 
36% HzS04 rather than 32% as reported 
(9). The data for l,l-diphenylethylene is 
from Deno, Groves, and Saines (11). 

The Hammett indicators used were com- 
mercial products purified by recrystal- 
lization. Diphenyl- and triphenylmethanol 
were Eastman chemicals purified by re- 
crystallization. 

4,4’,4”-Trimethoxytriphenylmethanol was 
prepared by the procedure of Baeyer and 
Villiger (12) and purified by recrystallization 
of the picrate and the carbinol. The white 
crystals melted at 82-82.5” as compared to 
reported values of U-82’ (9) and 83.5-84” 
m>- 

4,4’,4”-Trimethyltriphenylmethanol was 
prepared by the method of Newman and 
Deno (13). It melted at 95.8-96.2” (reported 
93.4-94.00). 

3,3’,3”-Trichlorotriphenylmethanol was 
prepared as described by Marvel el al. (14) 
and purified by vacuum fractionation, select- 
ing the cut with highest absorptivity in 
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TABLE 1 
INDICATORS USED IN ACID STRENGTH DISTRIBUTION MEASUREMEXTS 

Hammett indicators PKS 
Acid strength 
(wt % HzSOd 

Butter Yellow 
Dicinnamalacetone 
Chalcone 
Anthraquinone 

Carbonium ion indicators 

t3.3 
-3.0 
-5.7 
-8.3 

PKR+ 

3 x 10-4 
48 
72 
90 

Acid strength 
(wt % HzSW 

4,4’,4”-Trimethoxytriphenylmethanol 
4,4’,4”-TrimethyltriphenylmethanoI 
Triphenylmethanol 
3,3’,3”-Trichlorotriphenylmethanol 
Diphenylmethanol 
4,4’,4”-Trinitrotriphenylmethanol 
2,4,6-Trimethylbenzyl alcohol 
1 ,l-Diphenylethylene 

+o.E2 1.2 
-4.02 36 
-6.63 50 

-11.0;1 ti8 
-13.3 77 
-16.27 88 
-17.38 92.5 

- 72 

96% H,SO,. The product was a light-colored 
viscous oil which failed to crystallize. 

4,4’,4”-Trinitrotriphenylmethanol was 
prepared by the procedure of Fischer (15) ; 
it melted at 187°C. 

2,4,6-Trimethylbenzyl alcohol was pre- 
pared according to Newman and Deno (13). 
l,l-Diphenylethylene was obtained from 
Aldrich Chemical Company and purified by 
distillation in vacua. 

Titration procedure. Previous to titration, 
the catalysts were heated to 500°C for 2 hr 
in a stream of air dried by passage through 
activated molecular sieves. Titrations were 
carried out in 3-dram screw-cap vials dried 
in an oven before use. The catalyst was 
transferred to the vials as rapidly as possible 
in a dry box to minimize adsorption of water 
from the air. Usually, S-10 vials of each 
catalyst were weighed out. The desired 
amount of approximately 0.07 N n-butyl- 
amine in dry benzene was added to each 
vial. Usually, the amount of n-butylamine 
added to successive vials varied in incre- 
ments of 0.015 meq/g. The vials were shaken 
vigorously several times and allowed to 
equilibrate overnight in a desiccator. 

The extent of neutralization was deter- 
mined by placing benzene solutions of the 
appropriate indicators in oven-dried l-dram 
screw-cap vials and transferring a small 
amount of equilibrated catalyst to the vial. 
After allowing about 5-15 min (as needed) 

for reaction of the indicator, the catalyst in 
the tightly closed vial was examined with a 
40-power hand microscope. The endpoint is 
that point at which only a few particles 
remain which have the acid-color of the 
indicator. 

If required, additional amounts of n-butyl- 
amine were added to the vials, and the above 
procedure repeated. 

In the case of Hammett indicators, 0.01% 
solutions were used, while 2 g/liter solutions 
of the carbonium ion indicators are now 
employed. Some of the results herein were 
obtained with 0.2 g/liter solutions before it 
was found that with some catalysts and 
indicators the higher concentration is needed. 

All benzene used as solvent was dried by 
percolation through freshly activated molec- 
ular sieves. This treatment reduces the 
water content to below 10 ppm. 

Catalysts. The cracking cata1yst.s and 
aluminas were the same as those previously 
described (6). The 13X and 10X molecular 
sieves were purchased from the Linde Co. 
In most cases, the ion-exchanged M-46 (6) 
and 13X catalysts were prepared by three 
exchanges with 1 N solutions of the corre- 
sponding acetat,es or chlorides, followed by 
washing with distilled water. The barium- 
and potassium-exchanged M-46 were pre- 
pared by a single soaking in the correspond- 
ing acetates for several days. 

Mallinckrodt silicic acid, designated “for 
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chromatographic purposes according to the Since aqueous titration with KOH using 
procedure of R.amsey and Patterson” was phenolphthalein as indicator gives the same 
employed in the preparation of mounted value for total acidity, it is concluded that 
acids. some of the HzS04 was volatilized. 

The fluorided F-10 alumina was prepared 
by treatment with aqueous HF followed by 
calcination at 500°C and contained 3.15y0 
fluorine by analysis. 

Heating the mounted HzS04 to 250” for 
2 hr reduced the total acidity to 1.35 meq/g 
but 60% of the acid sites were now stronger 
than 90% HzS04. 

RESULTS AND DISCUSSION 

Titration of Mounted Acids 

Silicic acid, a form of silica gel with large 
pores, was added to dilute sulfuric acid to 
form a thick slurry. This product was dried 
overnight at 120” and titrated with n-butyl- 
amine with the results given in Table 2. 

TABLE 2 
ACIDITY DISTRIBUTION OF H2S04 MOUXTED 

ON SILICIC ACID (1.81 MEQ/G) 

HR indicators 

F&8 
n-Butylamine 

* 4 titera 

Hammett indicators 
- 

%b 
n-Butylamine 

2 4 titer* 

Perchloric acid was mounted on silicic 
acid in a similar manner and dried at 120”. 
Titration gave results similar to the above 
except that in this case only 15yo of the acid 
sites were stronger than 90% HzS04. In 
titrating acids mounted on silica gel, Benesi 
(4) also found that the acidity stronger than 
90% H&Z?04 was a small part of the total 
acidity, and advanced two possible explana- 
tions for this result. The marked increase 
in the amount of strong acidity upon raising 
the drying temperature suggests that the 
acid strength of mounted acids is reduced 
by adsorbed water in a manner analogous 
to the effect of adsorbed water on reducing 
the acid strength of solid acids (6). 

1.2 1.43 3 x 10-d 1.43 
36 1.43 48 1.43 
50 1.43 72 1.37 
68 1.37 90 0.37 
77 1.30 

a n-Butylamine titer, Meq/g stronger than desig- 
nated H.$Or concentration. 

Acidity Distributions of Commercial 
Cracking Catalysts 

The Hammett and arylmethanol indica- 
tors define a single curve within experimental 
error when the titer is plotted against acid 
strength. Nearly all of the acid sites are 
stronger than 70yo H804, but only about 
25yo exceed 90% acid strength. The total 
acidity found was less than added initially. 

Data for four catalysts are given in Table 
3. The kaolin-derived catalyst has the largest 
proportion of strong (> 77% HZSO,) acid 
sites. The high-alumina (25% alumina) 
synthetic catalyst and the silica-magnesia 
catalyst have similar acid strength distribu- 
tions with a relatively high proportion of 
intermediate strength and weak acidity. 
Hammett acidities of three of these catalysts 
were given in a previous paper (6) and the 
acid strength distributions were generally 
similar to those in Table 3. The two acidity 

TABLE 3 
ACIDITY DISTRIBUTIONS OF COMMERCIAL CRACKING CATALYSTS USING HR INDICATORS 

Catalyst 
acid strength 

(wt. % H&304) 

n-Butylamine titer, meq/g stronger than designated HzSOa concentration 
- 

Silica- Silicrt-alumina 
magnesia (25% alumina) Halloysite Kaolin 

1.2 0.60 0.50 0.165 0.125 
36 0.43 0.38 0.105 0.115 
50 0.38 0.30 0.075 0.105 
68 0.33 0.30 - - 

77 0.28 0.27 0.075 0.085 
88 >o >o 0 >o 
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distributions differ appreciably for the high- 
alumina catalyst, which has only 0.30 meq/g 
of acidity at pK + 3.3 and pK - 3.0. The 
Hammett indicators show no acidity weaker 
than 50% HZSOI compared to 0.20 meq/g 
using HR indicators. 

A 2 g/liter solution of 4,4’,4”-trinitrotri- 
phenylmethanol was found to give a strong 
yellow coloration to the high-alumina syn- 
thetic catalyst, a pale yellow to the kaolin- 
derived and silica-magnesia, and no ob- 
servable color to the halloysite-derived 
catalyst. Quantitative data are not available 
because a 0.2 g/liter solution of the indicator 
employed at the time failed to give the acid 
color. All of these catalysts are strongly 
colored by a 0.05 g/liter solution of tri- 
phenylmethanol. The equilibrium constant 
for the arylmethanol-carbonium ion equilib- 
rium appears to be a function of the stability 
of the carbonium ion. 

2,4,GTrimethylbenzyl alcohol was found 
to produce a pale pink to light purple color 
with cracking catalysts rather than the 
yellow color characteristic of the carbonium 
ion. For this reason, it may not be suitable 
for measuring the acid strength of solids. 

E$ect of Alkali and Alkaline Earth Ions on 
Ho and HR Acidity of Silica Alumina 

The effect of ion exchange with alkali and 
alkaline earth acetates on the acidity of 

M-46 silica-alumina cracking catalyst is 
shown in Table 4. For M-46 itself, the titers 
obtained with HO and HR indicators differ 
rather little between 30-90y0 HzS04. The 
amount of acidity weaker than 30% HZSO, 
is considerably greater with HR indicators 
than with HO indicators. 

Ion exchange greatly increases the dif- 
ference in titer obtained with the two classes 
of indicators. The potassium-poisoned cata- 
lyst has no HE acidity as strong as 77oj, 
HzS04, but still has about half the original 
Ho acidity stronger than 90yo HzS04. 

The reduction in strong (> 77yo HzSOJ 
HR acidity increases with the size of the ion 
within a given group of the periodic table. 
Calcium has less effect than barium, and 
lithium much less effect than potassium. 
This is in accord with the results of Dan- 
forth (16), who found that the poisoning 
effect of alkali metal ions on cracking ac- 
tivity increased with the ion size. 

Known amounts of KOH were added to 
M-46 in aqueous suspension; after drying 
and calcining at 500”, the catalysts were 
titrated, with the results shown in Table 5. 
The total acidity of M-46 initially is about 
0.35 meq/g; the addition of that quantity 
of KOH does not neutralize all of the acidity; 
in fact, only about l/3 of the total acidity 
disappears along with about half of the 
strong acidity. Adding 0.60 meq/g destroys 

TABLE 4 
EFFECT OF ION EXCH.INGE ON ACIDITY ~~YITIBUTION OF M-46 

Acid strength 
(wt % HrSOd 

HR Indicators 

M-4@ 

n-Butylamine titer, mea/g stronger than designated H&04 concentration 

M-46 + Ba M-46 + Ca M-46 + K M-46 + Li 

1.2 
36 
50 
68 

77 
88 

HO Indicators 

0.35 0.23 0.28 0.19 0.26: 
0.24 0.17 0.19 0.13 0.18 

0.22 0.17 0.16 0.11 0.18 
0.20 0.12 0.14 - - 

0.195 0.11 0.14 0 0.11 
0.19 >o >o 0 0 

3 x 10-d 0 .22 0.19 0.18 0.16 0.23 
48 0.21 0.19 0.18 0.16 0.23 
90 0.20 0.14 0.15 0.09 0.20 

a The M-46 was hydrated by soaking in distilled water 3 days before activation in order to be more com- 
parable to the ion-exchanged samples wvhich may be partially rehydrated during exchange. 
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TABLE 5 
EFFECT OF AQUEOUS KOH ON ACIDITY OF 

M-46 SILICA-ALUMINA (HR INDICATORS) 

Acid 
strength 

(wt % 
HZSO4) 

n-Butylamine titer, meq/g stronger than 
designated HnSO, concentration 

M-413 plus M-46 plus 

M-46 
o.“~~$g 0.6C&?$/g 

1.2 0.31 0.22 0.18 
36 0.21 0.135 0.09 
50 0.205 0.12 0.09 
77 0.18 0.075 0.0 

all of the strong acidity, but half of the 
original acidity remains. A progressive re- 
duction in acid strength results as more 
alkali is added. 

The results above make it clear that the 
effect of adding metal ions to silica-alumina 
is not simply replacement of protons by 
metal cations with complete neutralization 
and disappearance of acid sites. Rather, the 
effect appears to be a modification of acid 
strength distribution in which strong acid 
sites are eliminated, and replaced in some 
manner, little understood at present, with 
sites of less acid strength. The results of 
neutralization with aqueous KOH are cer- 
tainly in part due to the fact that as the 
original acid sites are neutralized, new acid 
sites are created by rehydration of the 
catalyst catalyzed by hydroxyl ions. 

Benesi (5) showed that montmorillonite 
and kaolinite clays completely exchanged 
with sodium or ammonium ions and dried at 
120’ surprisingly possessed acidity stronger 
than 480/$ H&04. He proposed that all ex- 
change positions cannot be occupied because 
of steric hindrance (or electrostatic repul- 
sion) between the highly solvated cations. 
Upon drying, the solvation shell surrounding 
each cation is removed, thereby exposing 
other acidic exchange positions. Such a 
picture would imply that ion exchange of the 
hydrogen form with alkali cations should 
reduce the number of sites, but that the acid 
strength distribution of the remaining sites 
should be similar to that initially present in 
the hydrogen form, unless the alkali cations 
can interact with neighboring protons to 
effectively reduce the acid strength. 

It has been found that the cumene-crack- 
ing activity of ion-exchanged silica-alumina 

catalysts at 440°C correlates better with the 
HR acidity measurements than with Ho 
values (17). The activities vs. HE acidity 
stronger than 7701, HzS04 fall along a 
straight line through the origin. There is 
reason to believe activity would correlate 
better with HR acidity stronger than 885% 
HzS04, but sufficient acidity data at this 
level are not available. A plot of activity 
vs. strong Hammett acidity defines a straight 
line which does not approach the origin 
since the potassium-exchanged M-46 has 
no activity while appearing to have 0.08 
meq/g of acidity at Ho = -8.3. 

The Acidity of Crystalline Aluminosilicates 

It has recently been reported that cer- 
tain crystalline aluminosilicates (molecular 
sieves) are able to catalyze cracking (18) 
and isomerization (19) reactions, which have 
hitherto been ascribed to acidity. R.eplace- 
ment of the sodium ions in Linde 13X 
molecular sieve (a synthetic faujasite) with 
calcium ions leads to a material, designated 
as 10X, with greatly increased catalytic 
activity. It is active for cumene cracking 
whereas the 13X sieve is not (18). Both 
groups of workers have indicated that con- 
cepts other than acidity are needed to 
explain the catalytic behavior of molecular 
sieves, because of the well-known fact that 
alkali and alkaline-earth metals poison the 
cracking activity of silica-alumina (5’0). 
Rabo et al. (19) have postulated that the 
activity is due to an intense Coulomb field 
resulting from asymmetric placement of the 
divalent calcium ion between two ion ex- 
change positions. 

Data on the titration of 13X zeolite 
(obtained as a powder), and 13X exchanged 
with lithium and calcium ions are summa- 
rized in Table 6. The 13X itself gave no 
coloration with any of the HE indicators 
but developed a red color with butter yellow, 
but not with benzene-azodiphenylamine 
(pK, = + 1.4). Both the Li-X and Ca-X 
zeolites gave the characteristic yellow color 
of the trityl ion when treated with triphenyl- 
methanol. The data for Li-X indicate that 
a divalent ion is not a requirement for 
development of acidity (19), although the 
amount developed is small. The cumene- 
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TABLE 6 
ACIDITY DISTRIBUTIONS OF SALTS OF X ZEOLITE 

n-Butylsmine titer, meq/g stronger than 
Acid designated HfSOa concentration 

strength -~ 
13x 

ma-X) ca-x Li-X 

HR Indicators 

1.2 0 0.50 .08 
36 0 0.29 .0-L 
50 0 O.lT .O’, 
68 0 0 0 

Ho Indicators 

3 x 10-A 0 ,312 0.35 0.04 
48 0 0.26 0.03 
72 0 0.03 0 

cracking activities were found to be pro- 
portional to the measured HR titration 
values (17). 

300 400 500 

WAVELENGTH, MILLIMICRONS 

FIG. 1. Trityl ion chemisorbed on Ca-Y zeolitc 

Figure 1 shows the spectrum of the trityl 
ion adsorbed on the surface of the calcium 
X zeolite. It was obtained by suspending a 
mixture of the zeolite and Cabosil in a solu- 
tion of triphenylmethanol in decalin (21). 
The Cabosil serves the double purpose of 
keeping the catalyst uniformly suspended 
and as an inert diluent. The spectrum is 
typical of the triphenylcarbonium ion and 
closely resembles the spectrum of this ion 
adsorbed on a silica-alumina catalyst (22, 
23). This spectrum, and similar ones ob- 
tained on other zeolite salts, is positive 
evidence that the colorations obtained with 
HR indicators are due to surface carbonium 
ions. 

The concentration of the triphenyl- 
carbonium ion on the calcium X zeolite was 
calculated to be 1.2 X 1OP moles/g (%I), 
considerably less than the 2-2.9 X 10e5 
moles/g reported by Leftin and Hall (%?a) 
for the surface of Houdry M-46 catalyst. 
This low figure undoubtedly does not indi- 
cate the number of sites capable of generat- 
ing trityl ions. Most of these sites are in th,e 
interior cavities of the crystal and the 10A 
openings exclude the triphenylmethanol 
molecule, whose diameter is about 14w. 

These synthetic zeolites are available from 
Linde both as powders and as pellets. The 
latter contain 20y0 of clay binder (24). 
Table 7 compares acidity measurements 

TABLE 7 
ACIDITY OF PELLETED ANI> POWUEREU 

13X AND 10X ZEOLITES 

n-But~ylamine titer, meq/g stronger than 
designated HzSO4 concentration 

Linde 13X Linde 10X 
Acid strength 
(wt % HnYda) Pellets Powder Pellets Powder 

Ha Indicators 

1.2 

36 
50 
68 
77 

0.32 0 0.5i 0.19 
0.13 0 0.22 0.05 
0.07 0 0.11 0.01 
0 0 0.01 0 

- - 0.01 0 

HO Indicators 

3 x 10-a 0.53 0.35 O.li 0.05 
48 0.10 0 0.11 0.04 
72 0 - 0.01 0 
90 - - 0 0 

made on 13X and 10X zeolites in pellet and 
powder form. It is clear from these data that 
the clay binder used is not inert, but pos- 
sesses a considerable amount of acidity. 

Subsequent to the completion of the work 
described above, it was reported elsewhere 
(25) that molecular sieves are acidic toward 
Hammett indicators. All of the work de- 
scribed, however, was performed on the 
pelleted sieves. The present data for the 
first time demonstrate inherent acidic be- 
havior in the pure zeolites. Much of the 
olefin-polymerization activity reported (25) 
may also have been catalyzed by the clay 
binder. 
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We have seen above that when silica- 
alumina is ion-exchanged to saturation with 
calcium ion it does not, by any means, lose 
all of its acidity; the curve of acidity versus 
acid strength becomes much more steep 
because of the preferential loss of a consider- 
able fraction of the strong acidity. [The 
addition of sufficient Ca(OH)z could perhaps 
destroy most or all of the acidity.] The acid- 
strength distribution curves of the Ca-M-46 
and the Ca-X sieve are somewhat similar 
except that the former appears to have 
stronger acid sites. The crystalline and 
amorphous aluminosilicates appear to differ 
in degree, rather than in kind. In both 
cases, the alkaline earth salts are more acidic 
than the alkali metal salts. We believe that 
the evidence justifies a conclusion that cer- 
tain crystalline aluminosilicates are acidic, 
and that this acidity is responsible for many 
of their catalytic reactions, at least in those 
instances where the products are character- 
istic of carbonium ion reactions. The nature 
of the acid sites responsible is far from clear. 
(See Note Added in Proof, at end of paper.) 

Not all activity of molecular sieves, how- 
ever, appears to be due to acidity. The 13X 
zeolite was found to be active for the crack- 
ing of decane (18) in spite of the apparent 
absence of all but very weak acidity. The 
nature of the products in this case suggests 
cracking by a free radical rather than a 
carbonium ion mechanism. No branched 
molecules were found in the products (18). 
The gaseous products are rich in C1 and CP 
rather than CI and Cq hydrocarbons (17). 

Acidity of Some Aluminas 

F-l alumina, washed with acetic acid to 
remove sodium, was found not to give a 
coloration with any of the HR indicators. 
F-10 alumina, which contains 0.59& chloride, 
was acid toward pKE+ +0.82 and -4.2 
indicators, but not toward triphenylmetha- 
nol. The results of acidity titrations on F-10 
alumina, and F-10 alumina treated with HF 
(calcined at 500’) are given in Fig. 2. Treat- 
ment with HF is seen to have greatly in- 
creased the acid strength using HR indica- 
tors. After HF treatment, the product 
gave a coloration with 1,1-diphenylethylene 
(DPE) whereas F-10 does not. The titer using 
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FIG. 2. Effect of HF on acidity of F-10 
alumina. 

DPE as indicator was 0.17 meq/g, appreci- 
ably lower than with the other indicators. 

Weber has shown that fluorided alumina 
and silica-alumina bases impregnated with 
platinum salts have high hydrocracking 
activity, whereas on a chlorided alumina the 
hydrocracking activity is low (26). Webb 
(27), on the basis of the effect of tempera- 
ture on ammonia chemisorption, concluded 
that HF treatment of alumina did not in- 
crease the number of acid sites, but did con- 
siderably increase their strength. Holm and 
Clark (28) report that fluoriding alumina 
considerably increases its activity for n-oc- 
tane cracking, o-xylene isomerization, and 
propylene polymerization. The data with 
HR indicators are clearly in far better accord 
with these properties of HF-treated alumina 
than those with Ho indicators, which would 
predict little difference in properties. The 
results suggest that strong HR acidity is 
needed for high cracking activity. These 
data also suggest that diphenylethylene and 
HR indicators measure the same type of 
acidity. 

Eta alumina, produced by the dehydra- 
tion of p-alumina trihydrate, was found to 
give an acid coloration with triphenyl- 
methanol, but not with 3,3’,3”-trichloro- 
triphenylmethanol or DPE. 

Thus, the absence of very strong HR 
acidity differentiates alumina from cracking 
catalysts. However, a 2 g/liter concentra- 
tion of indicator is required for a color 
comparable to that obtained with an 0.05 
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g/liter solution applied to M-46; the equi- 
librium constant for conversion to the 
carbonium ion is apparently much smaller 
on alumina than on silica-alumina. 

Based on the finding that fluorided 
alumina, and silica-alumina catalysts con- 
taining 10 to 45y0 alumina, have lower 
heats of ammonia adsorption than pure 
alumina at high coverages, it was concluded 
by Clark et al. (28) that fluoriding reduces 
the acid strength of alumina and that 
typical acid-catalyzed hydrocarbon con- 
version reactions such as cracking, isomerixa- 
tion, etc., occur most readily on relatively 
weak acid sites. This conclusion assumes 
that the heat of ammonia adsorption is a 
single-valued measure of acid “strength” 
even when two distinctly different types of 
acidity, Lewis and protonic, may both be 
present. The validity of this assumption is 
questionable, for the relative strengths of 
even Lewis acids depend upon the par- 
ticular base used for reference (j), and it 
is contradicted by the observations with 
arylmethanol indicators, and the results 
of Webb (27). If it is postulated that a strong 
protonic acid may have a lower heat of 
ammonia adsorption than certain Lewis 
acids, the data of Clark (28) are consistent 
with our view that strong HR (probably 
protonic) acidity is responsible for catalytic 
activity. 

Diphenylethylene as an Indicator 

When l,l-diphenylethylene (DPE) reacts 
with a silica-alumina catalyst, it forms the 
yellow methyldiphenylcarbonium ion and 
in addition a second species with an absorp- 
tion band at 605 rnp which, in the absence of 
the carbonium ion, has a blue color. The 
presence of both species imparts a green 
color. 

The nature of this blue species has been 
the subject of some dispute and has not 
been definitely established (%‘W, %?b, SO, Sl 
and references cited therein). It has been 
postulated that it is an aromatic radical 
ion (Z?b, 51, SS). Very recently, Rooney and 
Pink (34) have shown by the addition of 
water that the blue species is diamagnetic, 
and propose that it is formed on hydration 
from a radical ion. This suggestion appears 

inconsistent with the observation (Sob, 
Sib) that addition of water does not increase 
the absorption at 605 rnp, as well as with 
other observations noted below. We have 
found, however, that the blue species can 
be desorbed from the catalyst in substan- 
tially colorless form by organic bases such 
as alcohol or acetone and that the material 
so obtained behaves as an acid-base indi- 
cator (21). It is instantly reconverted to its 
blue color by strong acids and decolorized 
upon reducing the acidity of the medium. 
These observations are more consistent with 
a hypothesis that it is a blue carbonium 
ion of unknown structure, possibly derived 
from a trimeric reaction product of DEE, 
rather than a radical ion. Cookson, Rosen- 
baum, and Symons have shown that a blue 
carbonium ion is formed from the reaction 
product of l,l-di(p-methoxyphenyl)ethylene 
and formic acid (88). Leftin and Hall (31 b) 
have stated that their observations are 
consistent with the hypothesis that the 
blue species arises from reaction of a methyl- 
diphenylcarbonium ion with a molecule of 
l,l-diphenylethylene. Our own observations 
have led us to this same conclusion (91). 

When DPE is used as an indicator in an 
acidity titration, it is found that above a 
certain quantity of n-butylamine, the cata- 
lyst no longer develops any green-colored 
particles after allowing DPE and catalyst 
to react for several hours. Long before this 
point in the titration is reached, the catalyst 
ceases to give an observable yellow colora- 
tion, apparently because the color of the 
methyldiphenylcarbonium ion is relatively 
weak compared to the triaryl carbonium 
ions. Thus, the only readily observable 
endpoint is that due to the blue species, 
rather than to the methyldiphenylrarbonium 
ion itself. 

If a methyldiphenylcarbonium ion is an 
intermediate in the formation of the blue 
species, the surface acid strength at the 
DPE endpoint should be substantially the 
same as that required to form this ion from 
DPE, namely, 72% HzS04 (ll), regardless 
of the pK value corresponding to the 
equilibrium between the blue species and 
its conjugate base (which appears to be in 
the vicinity of 50% HzSOJ. Use of the 
conjugat,e base of the blue species as an 
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indicator in catalyst titration gives a dif- 
ferent endpoint from DPE itself. 

DPE has been used as an indicator in the 
titration of many catalysts with butylamine. 
Those catalysts insufficiently acidic to give 
coloration with HR indicators corresponding 
to 68% or 77y0 HzS04 do not give a colora- 
tion with DPE. Those which are sufficiently 
acidic to color these HR indicators usually 
are colored by DPE, although there are a 
few exceptions to this rule as in the case of 
some alkali-poisoned catalysts, When the 
butylamine titers using arylmethanol indi- 
cators are plotted vs. acid strength, the 
data for DPE (plotted at 72% H&404) in 
many instances falls close to or slightly below 
the line. (This can be construed as evidence 
that the carbonium ion is involved in forma- 
tion of the blue species.) There appears to 
be no correlation between strong Hammett 
acidity and the DPE color reaction. There- 
fore, it appears that the arylmethanols and 
DPE are measuring the same type of acidity; 
if protonic acidity is responsible for the 
DPE color reaction it is also responsible for 
the color reactions of the HE indicators. 

If the surface carbonium ions are formed 
from arylmethanols according to Eq. (3), 
the extent of the reaction will be influenced 
by the activity of water on the catalyst sur- 
face as well as by the proton-donating 
tendency of the catalyst. This is, of course, 
equally true in the case of aqueous acids. 
However, catalytic solids may differ appre- 
ciably in water affinity, and it may, there- 
fore, appear preferable to define the acidity 
of solids by Eq. (6), where HR - log UH~O 
would define a new acidity function H’R 
(11). We have looked at several olefins which 
would be possible indicators for defining 
such a function, in addition to DPE, but 
due to instability or side reactions with the 
catalyst they did not appear to be suitable 
indicators. A series of subsdtuted l,l-di- 
phenylethylenes might be suitable for this 
purpose. 

The Nature of the Acid Sites 

The nature of the active acid centers on a 
cracking catalyst has been a matter of dis- 
pute for some years; references to the 
pertinent literature have been reviewed 
elsewhere (6). Strong protonic acids on the 

catalyst surface would convert arylmetha- 
nols to the corresponding cation according 
to Eq. (3) ; proponents of Lewis acidity 
might prefer to visualize the reaction as 
abstraction of a hydroxide ion by a Lewis 
acid. According to either interpretation, 
one would expect that the more unstable 
the carbonium ion, the stronger the acidity 
which would be required to stabilize the 
carbonium ion on the surface. 

Webb (27) concluded from infrared ob- 
servations that both fluorided and non- 
fluorided alumina were Lewis acids, because 
in neither case were ammonium ions de- 
tected; Clark et ~2. (28) concluded from 
heats of ammonia chemisorption that the 
acid sites on fluorided alumina were weaker 
than on alumina. Since fluorided alumina 
has much stronger acidity than alumina on 
the basis of its reaction with arylmethanol 
indicators, both of the above conclusions 
cannot be correct. If the first conclusion is 
correct, one would, however, expect that the 
heat of ammonia adsorption would indicate 
the relative strength of the two Lewis acids. 
The observations with arylmethanol indi- 
cators and the heats of ammonia adsorption 
can be reconciled if it is assumed that the 
acid centers on fluorided alumina are of a 
different type (e.g. protonic) from those on 
alumina. The facts that fluorided alumina 
converts l,l-diphenylethylene to the car- 
bonium ion and that it shows no increase 
in acid strength with Hammett indicators 
support this assumption, from which follows 
the conclusion that protonic acids rather 
than Lewis acids convert arylmethanols to 
their corresponding cations. 

The fact that data for arylmethanols and 
1,ldiphenylethylene fall along the same 
curve, when butylamine titers of sihca- 
alumina are plotted vs. the acid strength 
(wt y. HzSOJ required to protonate the 
indicators to generate the corresponding 
ions, is also evidence for generation of the 
carbonium ions by Bronsted rather than 
Lewis sites. Generation of the carbonium 
ion from DPE is easier to explain on the 
basis of proton addition, although genera- 
tion by reaction with Lewis acids has been 
postulated @a>. If Lewis acids react with 
both DPE and arylmethanols to generate 
the carbonium ions, one would not expect 
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DPE to fall on the same curve with the 
arylmethanols, for the acid strengths em- 
ployed relate to the relative ease of pro- 
tonation. The relative ease of reaction of 
DPE with Lewis acids, as compared to a 
series of arylmethanols, would not be 
expected to be the same as observed in the 
protonation reaction, particularly since an 
Al-C bond would be formed in one case and 
an Al-O bond in the other. 

Additional arguments for the reaction of 
arylmethanols with protonic catalyst sites 
are discussed in another communication (35), 
wherein it is shown that the chemisorption of 
triphenylmethane and perylene on silica 
alumina are not good evidence for strong 
Lewis sites, as is widely believed (23, 32, 34, 
SS), but rather are indicative of Bronsted 
sites. 

Regardless of interpretations as to the 
type of acid sites responsible, it appears 
that titrations using HR and H'R indicators 
will prove valuable in defining an important 
chemical property of solid surfaces, and 
lead to useful correlations with catalytic 
activity. Since eta alumina has been found 
to stabilize certain carbonium ions, while 
acid-washed F-l alumina does not, it is 
believed HR indicators can distinguish 
between the “intrinsically acid” and nonacid 
types of alumina described by Pines and 
Haag (37) and thus correlate with their 
catalytic behavior. 
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NOTE ADDED IN PROOF 

A possible explanation for the acidity of the 
cationic aluminosilicates is that the polarizing 
action of the field of the cation tends to free (make 
acidic) a proton of a hydroxyl group attached to an 
adjacent silicon or aluminum atom, or a proton of 
a water molecule adsorbed on the cation itself. 
Bertsch and Habgood [J. Phys. Chem. 67, 1621 
(1963)) find that water is adsorbed on LiX and NaX 
zeolites simultaneously by an ion-dipole interaction 

with the cation and by hydrogen bonding of one of 
the hydrogens to an oxygen atom of the zeolite 
surface. The greater the field strength of the cation, 
the stronger would be the resultant acidity. Thus, 
the acid strength should increase with increasing 
charge and decreasing size of the cation, as has 
generally been observed (refs. 17, 19, and Tables 4 
and 6). Asymmetric placement of a divalent ion 
between two ion exchange positions as proposed 
by Rabo (19) would intensify the field of the cation. 
Weyl [Weyl, W. A., and Marboe, E. C., “Constitu- 
tion of Glasses,” p. 56. Interscience, New York, 
19621 has suggested that acidity is linked to the 
field strength of the cation. 
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