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Acidic catalysts employed in a number of petroleum refining processes are known
to be readily poisoned by basic nitrogen compounds. To throw light on the
poisoning process and the nature of the acid sites, the effect of basic nitrogen
compounds on the acid strength distribution of silica-alumina and alumina catalysts
was determined using Hr as well as H, indicators.

Adsorption of NH; on M-46 silica-alumina has a pronounced effect on the acid
strength distribution with a minor change in the number of sites; on alumina, the
situation is reversed. Desorption of NH; from silica-alumina at elevated temper-
atures is accompanied by the loss of a considerable amount of bound water; this
should modify the number and strength of the catalyst acid sites. Acid strength
distributions derived from high temperature NH; desorption data are therefore
believed incorrect.

The oxidation of triphenylmethane to the trityl ion in the presence of light
and of perylene to the cation radical by silica-alumina are not readily poisoned
by nitrogen bases, in contrast to the catalytic activity. This suggests the sites in-
volved are weakly electrophilic and of little catalytic importance. The results
favor the view that oxygen under the catalytic influence of Bronsted acids leads
to oxidation of these hydrocarbons rather than strong Lewis acids as proposed
by several investigators.

Some suggestions relating to the nature of the acid sites on silica-alumina are
made based on these experimental data.

INTRODUCTION

Acidie catalysts play a very important
role in modern petroleum processing. Reac-
tions such as catalytic cracking, isomeriza-
tion, reforming, ete., are believed to proceed
by a carbonium ion mechanism. Recently
(1), an improved method for the measure-
ment of the acidity of =olid catalysts
was described, in which the catalysts are
titrated with a nonaqueous solution of n-
butylamine using a series of Hy indicators.
These indicators are converted to carbonium
ions by solids of sufficient acid strength.

* Presented in part at the Gordon Conferencc
on Catalysis, June, 1964.

As is well known, basic nitrogen com-
pounds poison the activity of acid catalysts
for the aforementioned reactions. It was
therefore of interest to determine the effect
of basic nitrogen compounds on the acidity
and acid strength distribution of certain
catalysts; no data of this type have pre-
viously been published. The effect of NH,
on the acidity of silica-alumina and alum-
ina catalysts was found to be quite differ-
ent; the significance of these observations
with respect to the nature of the acid sites
is discussed.

Measurement of the chemisorption of
NH, as a function of temperature has been
suggested as a method for the measurement
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of the acid strength distribution of solid
acids (2-5). The results of this investiga-
tion appear to raise serious questions as to
the validity of NH. desorntion data for
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drawing quantitative conclusions with re-
spect to the distribution of aecid strengths
on cracking catalysts. The acid strength
distribution of silica-alumina is strongly
modified by the chemisorption of NH, and
in addition the desorption of NH, at ele-
vated temperatures is accompanied by the
considerable bound water which
could alter the number and strength of the
acid sites.
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The effect of nitrogen bases on the oxida-

tion of triphenylmethane to the trityl car-
bonium jon and perylene to the cation
radical by silica- alumina was also deter-
mined. The difficulty with which these
reactions are poisoned casts doubt on the
suggestion that a few aprotic electrophilic
sites are responsible (6~11) and favors the
view (12, 13) that oxygen in conjunction
with protonic acids is responsible for the
oxl ion o e h )

EXPERIMENTAL

Equipment and procedures. The source
of the arylmethanol indicators and the n-
butylamine titration procedure have been
described previously (1). About 0.05 to 0.1
meq/g indicator was used in measuring end
points.

Treatment of catalysts with NH; was
carried out in 5 X 25-cm Pyrex test tubes
fitted with a female standard taper joint.
The male joint was fitted with a two-way
vacuum stopcock and standard taper joint
for attachment to a vacuum line equipped
with a molecular sieve trap and capable of
reaching 10-° torr, A short 5-mm side tube
fitted with a serum cap was attached to the
tube near the joint; NH; was admitted to
the activated and evacuated catalyst by
gas syringe through this side tube or in
some cases through the stopcock.

Catalysts. The M-46 is a commercial
silica-alumina (SA) catalyst containing
about 12% alumina and obtained from the
Houdry Process Corporation. The surface
area was 280 m?*/g. RD-150 is a commercial
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Baker-Sinclair platinum-alumina reforming
catalyst.
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Effect of evacuation temperature on
acidity of NH;-saturated M-46 and RD-150.
Three different portions of the same batch
of M-46 were activated by evacuation at
450°, then saturated with NH,; at room
temperature and atmospheric pressure, and
pumped under high vacuum for 18 hr at
temperatures of 100°, 200°, and 300°C, re-
spectively, These three catalysts were
titrated with n-butylamine to measure the
acid strength distribution; the results are
given in Table 1.

TABLE 1
H,-SATURATED M-46 as 4

FuncTiON OF EVACUATION TEMPERATURE

Acldlty meq/g stronger
Ilu?l,ll ﬂiDU»j uuuu:unruuun
given in Column I

100°C  200°C

Evacuation temperature: 300°C
Carbonium ion indicators
1.29%, H80, 0.21 0.27 0.315
3697, H.80, 0,11 0.19 0.23
509, HaS04 004 0.16 0.19
689, HaSO, 0.0 0.11 0.19
779, HaS0, 00 00 014
Hammett indicators
3 X 1079, H-80, 0.16 0.19 0.22
AQOC7 TI QM N 14 n 17 n 9
x0O /0 LANOI4 v, i AV e iy ) V. Lo
72% H.S0, 0.10 0.14 0.20
909, H,S0, 0 0.11 0.17
{CeH,):CH [ .11 $.18
Perylene 0.04¢ 0.14 0.17
a Notn far (Y nd nanvlana ara tho oA
12878 107 (Usiis)gioii &Na Peryiene are e aaal

tional n-butylamine required to poison chemisorp-
tion as cation or cation radical.

The Hammett indicators suggest the pres-
ence of considerably more relatively strong
acidity than do the carbonium jon indi-
cators, particularly at 100°C. It is known
that even at 200°C M-46 retains enough
chemisorbed ammonia to poison nearly all
of its catalytic activity. While data on the

amonnt of o aeidity atroncar than QK074
aIidunv 01 4r ACIUITY Suronger uviall 8870

H.S0, were not obtained, a plot of the data
in Table 1 at each acid strength level vs.
the temperature of heating makes it clear
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that very little if any acidity of this
strength would be recovered at 300° and
that even at 400° recovery would be in-
complete. Therefore, our method of meas-
uring acidity with Hy indicators is certainly
more in accord with the catalytic activity
than data obtained with Hammett indi-
cators.

RD-150 was similarly saturated with
NH,, and the acidity measured by n-butyl-
amine titration after evacuation at the

TABLE 2
Acipiry oF NH;-SaTuraTED RD-150 As A
FuncrioNn oF EvacuaTioN TEMPERATURE

Acidity, meq/g stronger
than HaSQ4 concentration
given in Column I

3

same three temperatures. The results of
these titrations are given in Table 2.

The change in catalyst acidity brought
about by the presence of NH; is a measure
of the extent of chemisorption on acid site
which are measured by the acidity titration
though it may not necessarily be directly
proportional to the weight of NH; chemi-
sorbed. Chemisorption on sites which do
not affect the indicators is also a possi-
bility. Table 3 compares M-46 and RD-150
on the basis of the percentage of the orig-
inal acidity restored at each temperature
and for each indicator.

When pumped at 100°C, even the
weakest acidity of RD-150 is absent, while
M-46 has recovered much of its weak
acidity. At 300°, RD-150 has recovered

Pyocustion temperatures 197 29" 3" pearly all of its acidity while M-46 still
Carbonium ion indicators lacks 26% of its >77% H,S0, carbonium
1.29, H804 0 028 0.59 ion acidity and most of its >88% H.SO0,
369, H.S0, 0 028 0.59 Hy acidity (see discussion of Table 1).
50% HaS04 0 0 0.55 These data are significant, for they indicate
Hammett indicators that ammonia is held more strongly at the
3 X 1071% H,80, 0 032 0.5 strong Hy acid sites of M-46 than on AlO,
gg) 32284 g 8;; g'gg acid sites. Hammett indicators suggest that
907" HjSOj 0 032 059 all of the acidity of RD-150 is stronger
° ” ' than 90% H,SO,. Hy indicators therefore

TABLE 3

CHEMISORPTION OF NH; AT ELEvATED TEMPERATURES BY RD-150 anp M-46

Percentage recovery of original acidity after NH;

neutralization and evacuation

100°C 200°C 300°C
M-46 RD-150 M-46 RD-150 M-46 RD-150
Carbonium ion acidity stronger than:

1% H:S804 60 0 77 47 90 100
369% H.S0, 41 0 7 47 85 100
50% Ha80, 18 0 73 0 86 93
689, H.80, 0 —a 53 — 90 —
779 H.80, 0 e 0 — 74 —

Hammett acidity stronger than:
3 X 10749, H,80, 64 0 76 54 100 100
489, H.S0, 56 0 68 54 100 100
72% Ha80, 40 0 67 54 95 100
909% H,S0, 0 0 58 54 94 100
(CeH;);CH? 0 — 52 — 90 -
Perylene? 19 — 67 —_ 81 —

@ RD-150 initially has no carbonium ion acidity stronger than 689, H.SO0;.
b Data for (C¢Hs);CH and perylene are based on the n-butylamine titer required to poison chemisorption

as cation or cation radical.
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appear to indicate the relative acid
“strength” of these two catalysts; Ham-
mett indicators do not.

It should be pointed out, however, that it
may not be necessarily correet to define
acid strength in terms of NH; retention if,
as seems probable, the acid sites of alu-
mina and SA are of different types.

The acidites of M-46 and RD-150 par-
tially poisoned with NH; differ in another
important respect. The poisoned RD-150
exhibits substantially no distribution of acid
strengths. On the other hand, the poisoned
M-46 shows a steeper acid strength distri-
bution than before NH,; addition, with
strong acids being eliminated and being re-
placed in part with weaker acid sites not
originally present. This is more clearly
evident in Fig. 1 where the amount of

not employed at the time these data were
obtained, for the data in Tables 1 and 5
indicate the probability that at 300° a
large part of this strong acidity would
remain poisoned. Acidity of this strength
may be important in catalytic reactions.

Ammonia chemisorption by M-46 and
RD-150 as a function of temperature.
In order to measure the weight of NH,
chemisorbed as a function of temperature,
10 to 14g of 60-140 mesh catalyst was
activated by evacuation at 450°C, weighed,
reevacuated at 450° to remove any water
picked up during weighing, then saturated
with anhydrous NH, at 0°C. The catalysts
were pumped overnight to 10~° mm pres-
sure at several increasing temperatures and
weighed. The results are summarized in
Table 4.
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RANGE OF ACID STRENGTH, % H;SO04

Fia. 1. Effect of NH, on acid strength distribution of M-46. (1), unpoisoned M-46. M-46 saturated
with NH, and evacuated at temperatures of (2) 100°; (3) 200°; and (4) 300°.

carbonium ion acidity in each range of acid
strength is shown.

Ammonia chemisorption is seen to have
little effect on the amount of weak acidity,
but the amount of intermediate strength
acidity increases while the strong acidity
decreases. It is unfortunate that the Hpy
indicator corresponding to 88% H.SO, was

Unfortunately, when the catalysts were
evacuated at temperatures of 400° or
above, the weight was found to be appreei-
ably less than before the NH; was added.
These data are reported in Table 4 as
negative NH, adsorption values (Series 1).
Apparently, in the course of pumping off
NH,, water of constitution is removed be-
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TABLE 4
Ammonia CuemisorpTioN BY M-46 anp RD-150
AS A FuncrioN oF TEMPERATURE

Apparent NH; adsorption (mea/g)

M-46 RD-150
Evacuation - —
temperature  Series 1 Series 2 Series 1 Series 2
30° 0.40 — 1.09 —
100° 0.21 — (.66 —
200° 0.10 — 0.40 —
300° 0.015 0.11 0.18 0.15
375° — — — 0.046
400° —0.05 —0.016 —
450° —0.14 —-0.038 —0.04 —0.056

low 300° which could not be pumped off at
450° during activation of the catalyst. The
RD-150 was pumped 3 days at 450° before
adding the NH; to ensure that equilibrium
was attained.

At the completion of Series 1, the residual
catalyst was again saturated with NH; and
the process repeated. The apparent NH,
adsorption values in Series 2 are based on
the weight of catalyst after completion
of Series 1, not on the original weight.
Again, negative “adsorption” values show
that for both M-46 and RD-150 the pres-
ence of NH; has catalyzed an additional
loss of water of constitution.

It is possible to obtain from these data
only a rough estimate of the quantities of
NH, retained at 100°, 200°, and 300° to
correspond with the acidity measurements
in Tables 1-3. At 100°, both M-46 and RD-
150 retain an amount of NH, equivalent
to the strong acidity as measured by butyl-
amine titration. At 300° M-46 retains
about 0.11-0.13 meq/g of NH; while RD-
150 retains 0.15-0.18 meq/g. In raising the
temperature from 100° to 300°, M-46 has
lost about 15 of the NH, chemisorbed,
while RD-150 has lost 3j.

In view of the fact that at 300° RD-150
has recovered substantially all of its orig-
inal aecidity (Table 3), it is somewhat
surprising to find as much as 0.15 meq/g
of NH,; still present. The 60-140 mesh
catalyst used for the chemisorption meas-
urement may lose NH; less readily than
the about 200-mesh particles used for the
titration data; nevertheless, RD-150 ap-

pears to retain some NH; at 300° in a
form which is not chemisorbed at the acid
sites. It would be of interest to obtain addi-
tional information on the manner of bind-
ing this tightly held NH;. One possibility
is that it is held as NH, groups as sug-
gested by Peri (14) on the basis of infra-
red evidence; SA may also bind NH, as
NH,.

Effect of temperature of reaction on the
chemisorption of NH; by silica-alumina.
When a limited amount of NH; (equivalent
to about half of the strong acidity) is added
to M-46, the acid strength distribution is
strongly affected by the temperature at
which the ammonia is equilibrated before
measurement of the acidity. The catalyst
was activated at 450°C in vacuum, 0.1
meq/g of NH, added by syringe at room
temperature to the evacuated tube and the
catalyst equilibrated in the closed tube at
the desired temperatures. After equilibra-
tion, the pressure was brought up to atmos-
pheric with dry nitrogen, and the catalyst
removed for titration.

When the NH; is added at room temper-
ature, even the strong carbonium ion acidity
is reduced by only 20-30% of the amount
of NH; added (Table 5). Heating to 300°
for 10 hr has little effect on the Hy acidity
weaker than 68% H.S0, but greatly re-
duces acidity stronger than 77% H.SO,.
Heating to a temperature of 65° for 1 hr
reduces the strong acidity considerably
more than heating to 300°. At both 65° and
300° the loss in Hy acidity > 88% H.S0,
1s more than the amount of NH; added; at
65° the loss in acidity > 77% H.SO, also
exceeds the amount of NH, used.

Included in Table 5 are the results of an
experiment in which the M-46 was first
equilibrated at 100°C with 0.1 mmole/g
of added water before adding NH, and
equilibrating overnight at room temper-
ature. The loss in strong acidity is several
times as great as with NH, alone equili-
brated at room temperature but the effect
on strong acidity is much less than for the
M-46 equilibrated with NH; alone at 65°
or 300°. The added water resulted in no
change in the Hy acidity as strong as 1.2
or 36% H,S0,; thus there is no indication
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TABLE 5
ErreEcT 0F EQUILIBRATION TEMPERATURE ON THE AcIDITY OF M-46 PARTIALLY NEUTRALIZED WITH
0.1 MmEQ/a NH;

Hr acidity, meq/g stronger than H2804 cone. in Column 1

H:0 + NH;s No
Temperature of equilibration: 30° 30° 65° 300° NH;
Acid strength (wt % H,S0,)
1.2 0.33 0.33 0.32 0.34 0.35
36 0.23 0.23 0.23 0.23 0.27
50 0.17 0.19 0.21 0.21 0.22
68 0.16 0.18 0.135 0.19 0.21
77 0.13 0.17 0.02 0.13 0.19
88 0.10 0.17¢ 0 0 0.19
Triphenylmethane? 0.15 0.18 0.19 0.17 0.21
Perylene? 0.17 0.17 0.14 0.17 0.21

¢ Catalyst equilibrated with 0.1 mmole H;O/g at 100°C for 1 hr, then cooled and NH; added and equili-

brated at room temperature.

b A different batch of M-46 prepared from the same lot number was used in this experiment; other data
obtained on different portions of a single batch of ground M-46.
< Even with no BuNH; added, the color produced with this indicator was relatively faint, so that the

end point in the titration is less definite than usual.

¢ Data for (C¢H;)sCH and perylene are the additional n-butylamine required to poison chemisorption as

cation or cation radical.

that additional Bronsted acidity stronger
than 1.2% H,S0, has been created by hy-
dration of Lewis sites.

The small effect of adding NH; at room
temperature on the butylamine titer is
worthy of further investigation. One possi-
bility considered was that as neutralization
by butylamine approaches completion, the
NH; is displaced from the acid sites and
lost by volatilization. Experiments showed,
however, that any such loss of NH; is
negligible.

Activated M-46 containing some tri-
phenylcarbinol as indicator was placed in a
tube closed with a ground joint and stop-
cock, the tube evacuated, and anhydrous
NH; added to a pressure of about 500 mm.
Upon heating the closed tube to 300°, a
strong yellow color characteristic of the
trityl ion developed; cooling resulted in
complete decolorization. This experiment
shows that considerable Hy acidity stronger
than 509% H,SO, exists on silica-alumina at
300° even in the presence of a large excess
of NH; at >500 mm pressure, and that a
relatively high concentration of trityl car-
bonium ions is present on the catalyst under
these conditions.

The catalyst above was cooled to room
temperature and pumped under high
vacuum while slowly raising the temper-
ature. At 50°C the yellow color of the
carbonium ion returned, showing that below
50° acids stronger than 50% H,SO, react
completely with NH, even at very low
NH,; pressure. This experiment also shows
that catalyst sites able to convert tri-
phenylearbinol to the cation can be par-
tially freed of NH; at a temperature as low
as 50°, which appears inconsistent with the
view of Leftin and Hall (6) that 5 X
10'*/em? strong Lewis sites are responsible
for this reaction. The data in Table 4 in-
dicate at least 7 X 10*®* NH, molecules/
e¢m?® would be adsorbed at 50° and that al-
most 350° is required to reduce NH; chemi-
sorption to a level of 5 X 10*2/cm?.

Effect of quinoline chemisorption at
300° on acidity of silica-alumina. Quinoline
was added to M-46 and the catalyst heated
at 300°C for 3 hr in a stream of nitrogen to
remove physically adsorbed quinoline. The
conditions were similar to those used by
Mills et al. (15) for measurement of
catalyst acidity by “quinoline number”; at
315° M-46 was reported to chemisorb about
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0.06 meq/g of quinoline. Titration of the
poisoned catalyst is summarized in Table
6.

TABLE 6
Acip STRENGTH DISTRIBUTION OF M-46 wITH
QuINOLINE CHEMISORBED AT 300° aND Room
TEMPERATURE QUINOLINE TITER OF
Un~porsoNEp M-46

Acidity, meq/g
(BuNH: titer) Room tempera-
stronger than ture qumolme

Acid strength given oS80, titer

(wt 9 HaS804) cone. (meq/g)
Hgy Indicators
1.2 0.27 18
36 0.22 1.21
50 0.08 0.17
68 0.02 0.09
77 0 0.09
H, Indicators
3 X 10~ 0.22 1.21
48 0.19 1.09
72 0.08 0.63
90 0.04 0.10
(CsHs)sCH 0.04¢ 0.12
Perylene 0.08 0.17

@ Additional n-butylamine required to poison
chemisorption as cation or cation radical.

The strong acidity was found to be
somewhat greater than for M-46 4 NH;
heated to 100°, but well below that for the
NH,-poisoned catalyst heated to 200°. In
view of the fact that quinoline is a much
weaker base than NH, its much greater
poisoning effect probably results in part
from its considerably lower vapor pressure.

As in the case of NH; chemisorbed
quinoline causes only a modest reduction
in the total number of acid sites but
strongly modifies the aeid strength distri-
bution. Acid sites stronger than 77% H.SO,
are eliminated and the number of relatively
weak sites greatly increased. Since it has
heen found that cumene cracking activity
correlates with acidity stronger than 77%
H.S0, (1), the lack of catalytic activity
reported by Mills et al. (15) is understand-
able even though the acidity has not all
been neutralized.

Quinoline titers of M-46 at room tem-
perature were obtained using a standard

solution of quinoline in benzene; the results
for a variety of indicators are given in
Table 6. The acidity stronger than 77%
H.S0, using quinoline as titrant is less than
half the value obtained by n-butylamine.
Thus at least the greater part of the dis-
crepancy between quinoline numbers and
other measures of acidity is not due to a
change In the number of acid sites with
temperature. The difference between butyl-
amine and quinoline titers is probably of
steric origin: The quinoline molecule be-
cause of its large size (~154 diameter) is
able to cover or block two or more acid
sites. This conclusion is supported by data
on the titration of a variety of catalysts
with amines of varying steric demand (16);
the titer decreases consistently with in-
creasing size of the amine. Therefore, it is
possible to derive information relative to
the spacing of acid sites from such titration
data.

The data in Table 6 also show that quin-
oline because of its weak basicity does not
very effectively neutralize Hy acidity much
weaker than 50% H.SO,.

Effect of nitrogen bases on chemisorp-
tion of triphenylmethane and perylene.
The chemisorption of these substrates was
studied on our poisoned M-46 catalysts to
help elucidate conflicting views on whether
nonprotonic or protonic sites are respon-
sible. It has been proposed that 5 X 102/
em?® aprotic Lewis sites are responsible for
the chemisorption of (C¢H;),CH on SA by
hydride abstraction (6), and that these
same Lewis sltes chemisorb perylene as the
cation radical (7-9). Very recently, Porter
and Hall (711) propose 6 X 10 /cm?
aprotic  electrophilic  sites  chemisorb
(CeH;).CH in the dark; they suggest the
remaining 4.4 X 10'*/cm? aprotic sites con-
vert (CoH;);COH to the trityl ion, and
many of them are able to chemisorb
(CsH,),CH in the presence of light. Hir-
schler and Hudson (12), working under
conditions where the photolytic reaction
predominated, suggested that (C;H;),CH is
oxidized to (C.H;),COH or (C,H;),COOH
which is converted to the trityl ion by
Bronsted sites; and that chemisorbed
oxygen accepts an electron from perylene



8 ALFRED E. HIRSCHLER

in the presence of strong proton acids.
Recent evidence suggests oxygen may in-
stead catalyze electron transfer to proton
acids (13).

With one exception, all of the poisoned
catalysts chemisorbed both substrates.
Butylamine titers were obtained using
(CeH;);CH and perylene indicators as
previously deseribed (12) in order to de-
termine the additional amount of base
needed to poison the chemisorption. All
samples were exposed to room daylight, so
photolytic chemisorption of (CeH;);CH is
involved. The data are included in Tables 1,
5, and 6. The numbers obtained, compared
to those observed for the unpoisoned
catalyst, are a measure of the degree to
which NH; or quinoline have poisoned the
sites responsible for oxidation of these
hydrocarbons.

The (C¢H;);CH reaction is completely
poisoned on the 100° evacuated catalyst
(Table 1); at 200° the titer is about half
recovered, and at 300° the titer is only
slightly less than for unpoisoned M-46.
Perylene behaves similarly except that con-
version to the cation radical is not com-
pletely poisoned even on the 100° catalyst.

The effect of equilibrating 0.1 meq/g of
NH,; (2 X 10'3/em?) with M-46 at various
temperatures (Table 5) is to reduce the
titer with (Ce¢H;);CH indicator by only
0.02-0.04 meq/g; varying the equilibration
temperature has no appreciable effect, al-
though it markedly affects the very strong
acidity. The total base (NH; 4+ BulNH,)
needed to poison the reaction exceeds 4.5
X 10 /em? or 9 molecules per electrophilic
site in each case. The greatest effect on
perylene oxidation (0.07 meq/g) is observed
for the catalyst equilibrated at 65°, which
has the least strong acidity. This fact sug-
gests that acidity stronger than 77%
H.SO, promotes perylene oxidation more
than oxidation of (CsH;);CH. This is in
accord with the proposal (13) that a strong
proton acid is the electron acceptor.

Equilibrating 0.1 mmole of water (2 X
10'%/cm?) with the M -46 prior to adding the
2 X 10*/em? of NH; at room temperature
had only a small effect on the oxidation of

(CeH;)sCH and none on the oxidation of
perylene.

Since the chemisorption of (C,H;),CH in
the dark may proceed by a different mech-
anism than the photolytic reaction (11),
the resistance to poisoning of the dark reac-
tion was tested by saturating 0.5 g of M-46
(activated at 500° in air) with NH, at
atmospheric pressure (no acidity remained
by indicator test), then evacuating over-
night at 125° and 102 mm pressure with
2-3 g of unpoisoned M-46 placed in the cold
end of the chamber. Reaction of the
poisoned M-46 with 2 g/liter (CsH;),CH in
benzene overnight at rocom temperature in
the dark developed a moderately strong
yellow color indicative of chemisorption.
From the data of Table 4 almost 4 X 103
NH;:/ecm? would be chemisorbed at 125°,
over 60 times the number of sites able to
chemisorb (C4H;);CH in the dark (11).

The need for 4 X 10**/ecm? or more mole-
cules of base to poison chemisorption of
(CsH;)3CH even after half this amount of
NH, had been equilibrated at 300°; and
the ease with which NH; is desorbed from
sites able to chemisorb this substrate even
in the dark are inconsistent with the view
(6, 11) that strongly electrophilic aprotic
sites are involved. Strong Lewis acids
usually form 1:1 complexes with strong
Lewis bases. SA has many sites capable of
retaining NH; at 515° (14). It seems very
unlikely that an aprotic site sufficiently
electrophilic to convert (C.H;).CH or
(CeHs):COH to the carbonium ion (11)
would not be readily poisoned by stronger
and much smaller bases such as NH,. Gen-
eration of carbonium ions by protonic sites,
however, requires only relatively weak
acidity (50% H,SO,), and a considerable
amount of base is required to lower the
acidity of M-46 to this level (1, 12). In
50% H.SO, there are many water mole-
cules available for each hydrogen ion pres-
ent, i.e., many molecules of a Lewis base
may be required to lower the acid strength
of a proton to this level.

The views of Hall and co-workers (6, 11)
that aprotic electrophilic sites generate car-
bonium ions from (C¢H;),COH and other
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arylmethanols, and that 6 X 10'*/cm? of the
most strongly electrophilic sites on SA
abstract hydride ions from triphenylmeth-
ane in the dark (11} apparently cannot
both be correct. A NH;-poisoned M-46
evacuated at 200° is unable to generate
carbonium ions from diphenylearbinol
(Table 1, 77% H,80,), which would point
to the absence of strong electrophilic sites.
Yet NH;-poisoned M-46 evacuated at only
125°, with even weaker acid sites, is able to
generate trityl ions from triphenylmethane
in the dark.

If as proposed (7-8) aprotic Lewis sites
are responsible for removing an electron
from perylene, the large excess of base
should have poisoned the reaction. The data
tend to support the conclusion (12, 13)
that oxidation by chemisorbed or lattice
oxygen along with protonic acids accounts
for these reactions rather than hydride ion
or electron abstraction by strong Lewis
acids.

The catalytic sites on SA are readily
poisoned by nitrogen bases (15, 17, 18) in
contrast to sites active in oxidation of
(C¢H;5)sCH and perylene, indicating such
sites may be of less catalytic importance
than originally supposed (6). It is possible,
however, that a strong protonic site of high
activity is, when partially poisoned with
NH,, still able to take part in the oxida-
tion of these substrates but no longer cata-
lytically active (712). Partial poisoning of
an aprotic Lewis site in this manner seems
unlikely.

Discussion

Measurement of Acid Strength Distribution
by NH; Chemisorption

Several investigators (2-5) have pro-
posed that the acid strength distribution of
solid acids can be determined by measure-
ment of the desorption of NH; as a fune-
tion of temperature. Kubokawa (5) meas-
ured the activation energy for NH;
desorption from SA as a function of tem-
perature, and reported that the energy
distribution of sites as measured by NH,
desorption differed markedly from that in-

ferred by n-butylamine titrations using
Hammett indicators. Addition of 0.1 meq/g
of NH; to M-46 (Table 5) does not sig-
nificantly change the total number of acid
sites measured by titration, but in effect
converts very strong sites to weaker ones.
Thus, as measured by indicator titration
a partially poisoned SA has a heterogeneous
distribution of site energies in qualitative
agreement with the desorption data of
Kubokawa. This suggests a possibility that
at the same NH, content the indicator
titration and desorption methods could be
in substantial quantitative agreement.
However, the site-energy distribution of the
unpoisoned catalyst cannot be derived from
ammonia desorption measurements. The
procedure of Misono et al. (19) is also open
to the objection that the site-energy dis-
tributions obtained are not characteristic
of the unpoisoned catalyst because the
adsorbed pyridine modifies the acid
strength.

As shown in Table 4, NH; catalyzes the
loss of water of constitution at temper-
atures as low as 250-300°, which may alter
the number and type of acid sites. Also,
after heating with NH; to elevated temper-
atures, it may not always be correct to
equate the amount of tightly held NH; to
acidity. Thus, at 300°, RD-150 has re-
covered substantially all its acidity (Table
3) while retaining 0.15 meq/g of NH;.

Wilmot et al. (20) reported that acidity
as measured by ammonia chemisorption did
not correlate with the selectivity and ac-
tivity of solid acid catalysts for olefin iso-
merization. The three effects noted above
may explain the lack of correlation found,
indeed they would suggest that a correla-
tion would be unlikely. The possibility
still exists that acidity as measured by
some other more suitable technique, per-
haps by Hg indicator titration, would be
found to correlate with the catalytic ac-
tivity.

Poisoning of Catalytic Activity
by Nitrogen Bases

Mills et al. (15) showed that an ex-
ponential relation existed between the
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amount of nitrogen base added to SA and
the activity for cumene cracking. In the
case of quinoline, 0.007 meq/g reduced the
amount of cracking to 50% of the initial
value whereas 8.5% of the initial activity
remained after adding 0.03 meq/g. This
exponential dependence is in at least qual-
itative accord with our observations on
the effect of nitrogen bases on the Hg
acidity of M-46 and the observation (1)
that cumene eracking on SA depends upon
Hy acidity stronger than 77% H.SO,. In
Table 5 it is seen that heating M-46 with
0.1 meq/g of NH, has caused the disap-
pearance of 0.19 meq/g of acidity stronger
than 88% H.SO,. Inspection of the data at
65° suggests that considerably less than
0.1 meq/g of NH; would have sufficed to
eliminate all of the Hy acidity stronger
than 88% H,SO.,.

Mills et al. (15) also found that quinoline
poisoned SA for the cracking of gas oil to a
lesser degree than it did for cumene crack-
ing. If one makes the reasonable assump-
tion that a portion of the gas oil is more
easily cracked than cumene, this observa-
tion is in accord with a heterogeneous site-
energy distribution. Thus, the catalytic
observations of Mills et al. as well as the
desorption data of Kubokawa () provide
some support for our findings employing
Hpy indicator titrations with respect to the
heterogeneous site distribution of nitrogen-
poisoned SA.

In view of the observation (Table 5) that
one NH, molecule appears capable of de-
stroying several very strong acid sites, and
the exponential relation between amount
of nitrogen base added and catalytic ac-
tivity, attempts to count the number of
acid sites active in a given reaction by
progressive poisoning with nitrogen bases
must be viewed with considerable caution,
at least for SA. This same effect may result
in a significantly lower number of NH,* or
pyridinium ions on a catalyst (21-23) than
the number of strong protonic sites orig-
inally present. This nonstoichiometric
effect, as well as a steric effect, may explain
why “quinoline numbers” (15) are con-
siderably less than acidities measured by
other methods.

The possibility that this nonstoichio-
metric effect could influence acidities meas-
ured by butylamine titration must also be
considered. However, the data in Table 5
show that NH; at room temperature had
very little effect on the acid strength dis-
tribution and the same is probably true of
n-butylamine. The data in the last column
of Table 5 for unpoisoned M-46, where
most of the acidity is very strong, also
indicate that very little reaction of butyl-
amine with the catalyst in such a way as to
modify the acid strength distribution took
place. Even moderate heating could result
in reaction of butylamine with modification
of acid strength distribution; the use of
ultrasonic energy to speed equilibrium as
suggested by Bertolacini (24) in some cir-
cumstances might cause sufficient local
heating to modify the acid strength dis-
tribution.

Nature of the Acid Sttes

The nature of the active acid sites on
SA has been a subject of controversy for
many years, some workers regarding them
as Bronsted acids while others view them
as nonprotonic Lewis acids (25). A number
of arguments in favor of the Bronsted view
were presented previously (I, 12). The fact
that the effect of NH; chemisorption on
the acidity of M-46 and RD-150 is so com-
pletely different adds weight to the view
(12) that the acid sites differ so greatly as
to suggest they are not aprotic Lewis sites
of different strength but that those on M-
46 are protonic. The behavior of RD-150
toward NH; is about what would be ex-
pected from Lewis-type sites. Peri (14)
was unable to detect any NH,* ions by in-
frared measurements on alumina containing
chemisorbed NH; addition of H.O does not
convert pyridine to pyridinium ion on AlOs
as it does on SA (21, 23).

Ion exchange of M-46 with alkali metal
ions produces an effect on the Hgr acid
strength distribution similar to that noted
above for chemisorbed ammonia, ie., a
moderate degree of exchange does not
greatly affect the total number of acid sites
but produces a heterogeneous distribution
of acid strengths (7). This suggests that
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much of the chemisorbed NH; is present in
a form resembling the ammonium ion, since
there are many similarities in the chemistry
of ammonium and alkali metal ions.

Ton exchange of SA with a metal eation
is commonly regarded as a replacement of
s proton by the metal ion, and on the
basis of this simple or classical picture, one
would expect the protonic acidity to disap-
pear and the hydrogen content to be re-
duced in proportion to the degree of ex-
change. Instead, the effect on acidity as
measured by Hy indicators is replacement
of the strong acid sites by ones of inter-
mediate strength (7). It is now reported
that nitrogen bases primarily modify the
site-energy distribution rather than the
number of acid sites. Ion exchange appar-
ently leads not to replacement of the pro-
ton but to attachment of the metal ion to
the site in such a way that the acid strength
is reduced. The reduction in acid strength
is related to the size and polarizability of
the metal 1on (7). These observations
strongly suggest it i1s incorrect to assume
that the number of protonic sites is neces-
sarily measured by the change in hydrogen
content on ion exchange (26, 27).

The Bronsted site observed in reactions
of liquid acids is usually that of a highly
solvated proton. On a well-dehydrated
catalyst the proton is probably attached to
a single oxygen atom and the acidity is the
result of the fact that this bond is electron-
deficient. Thus, the Lewis or electrophilic
nature of the proton may be more prom-
inent than in liquid Bronsted acids, and
the proton may not be readily transferred
completely to a substrate as in the case of
a highly solvated proton. One indication of
this electrophilic character is recent evi-
dence that strong proton acids are the
electron acceptors in conversion of aromatic
molecules to radical ions (13, 28). Thus,
one may suppose that NH; or pyridine may
hydrogen-bond to this electrophilic hydro-
gen without resulting in a free or classical
ion. Solvation by addition of H,O may then
facilitate actual proton transfer to form a
pyridinium ion, or hydrogen transfer from
catalyst to reactants. In effect, the electro-
philic catalyst hydrogen may remove an

OH- from H,0, freeing a proton. In a sense,
this could be viewed as stabilizing the ion
by solvation.

Basila, Kantner, and Rhee (21) pro-
posed that the primary acid sites on silica-
alumina are of Lewis type centered on
surface Al atoms. Most of their experi-
mental observations, and the butene iso-
merization data of Ozaki and Kimura (29)
can be explained on the basis that the pos-
tulated Lewis site is the hydrogen atom of
an unsolvated strongly acidic OH group.
An olefin adsorbed on this site would be
converted to a carbonium ion which could
more easily donate one of its own protons
to another reactant molecule than transfer
the catalyst proton. Since alumina does not
have strong Hy acidity, the above postulate
would rationalize the differences in behavior
between alumina and SA on adding H.O,
which Basila et al. (21) were admittedly
unable to do on the basis of their proposal.
Additional details as well as experimental
evidence in support of this suggestion will
be given in a forthcoming paper.

Hall and co-workers {ref. 30, and prior
papers cited therein) have placed very
small upper limits on the number of Bron-
sted sites in SA on the basis of tracer ex-
periments. These numbers are arrived at on
the basis of an assumed mechanism in which
the catalyst proton is completely trans-
ferred to substrate. The above considera-
tions indicate this need not be so; a proton
on a solid well-dehydrated catalyst may
behave differently from a solvated proton
in a liquid medium. At any rate, until the
actual detailed mechanism is known, one
cannot make a definitive calculation of the
number of protonic sites from such data. In
addition, not all protonic sites would be
equally active in a given reaction, espe-
cially when small slugs of reactant are used.
We do not suggest that titration data give a
definitive value for the number of protonic
sites,

Floekhart and Pink (10) found the oxi-
dation of perylene on SA is reduced step-
wise to a low value by three successive
base exchanges, which they interpreted as
showing that Lewis sites are responsible.
However, these data could be equally well
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explained by either of the two pictures in-
volving protonic acids and oxygen (12,
13) since the Hy acidity stronger than 50%
H,S0, was also reduced stepwise to a low
value. The present and earlier (12) data
show that on a variety of catalysts perylene
oxidation is poisoned below 509% H.S0, Hx
acid strength [(C.H;),COH]. It is well-
documented that the oxidation of aromatics
to radical ions is strongly influenced by
oxygen (7, 9, 11, 12, 31-33).

A Tentative Model of the Acid Site

The ability of one NH; molecule to af-
fect more than one site and the fact that
the quinoline titer is less than one-half that
for n-butylamine suggest that acid sites do
not occur singly as isolated points on the
surface but only in relatively closely
spaced clusters where a particular type of
local order exists. This local order could
consist of a network of alternating silicon
and aluminum atoms connected by oxygen
bridges such as is present in the X zeolite.
Ordering of this type would extend over a
limited distance, too small to be detected
by X-ray diffraction, but still of sufficient
extent that suitable areas would be rela-
tively infrequent, in line with the finding
by Mills et al. (16) that 4% coverage of
the surface by quinoline completely poisons
activity. The silicon and aluminum atoms
could be joined in six-membered rings as in
the X and Y zeolites, with the rings con-
taining four silicon and two aluminum
atoms. As in the case in the crystalline
zeolites, it is proposed that two aluminum
atoms do not occupy adjoining positions.
The order might extend over a sufficient
distance to form part of a sodalite cage
structure.

Lewis sites such as postulated by Flock-
hart and Pink (10) might indirectly in-
fluence the oxidation of perylene if their
neutralization reduces the acid strength of
closely associated protonic sites. One pos-
sible model of such an acid site is given
below, and is similar to the model of a
protonic site on a decationated zeolite pro-
posed by Uytterhoeven, Christner, and
Hall (34).

\ / \ \ /
/ \ / \ / \
Strong Bronsted amd
Na*
HO (0]
\ / \ / \Si/
/ \ / \ N
0 0

Base—exchanged site, weaker
Bl;onsted acid

Na*
HO

Base-exchanged and dehydrated

If, as would be expected, both of the Si-
OH groups pictured are acidie, this model
would explain how ion exchange can de-
crease acid strength without a decrease in
the number of acid sites as well as how one
molecule of a nitrogen base could eliminate
two strong acid sites. If the arrangement
is extended further, possibly to a partly
formed sodalite cage structure, it is pos-
sible for one molecule of a base to affect the
acid strength of several Bronsted sites.

ACKNOWLEDGMENT

The assistance of J. O. Hudson and N. D.
Morphet in carrying out the experimental work
is gratefully acknowledged.

REFERENCES

1. Hirscuikr, A. E,, J. Catalysis 2, 428 (1963).

. TameLe, M. W., Discussions Faraday Soc. 8,
270 (1950).

. Wess, A. M., Ind. Eng. Chem. 49, 261 (1957).

. BartH, R. T., aND Bawrov, E. V., Anal. Chem.
33, 1080 (1961).

. Kusokawa, Y., J. Phys. Chem. 67, 769 (1963).

. Lermin, H. P., anp Harr, W. K., Actes Congr.
Intern. Catalyse 2°, Paris, 1960 1(a), 1353
(Editions Technip, Paris, 1961).

7. Brouwer, D. M., Chem. and Ind., p. 177
(1961) ; J. Catalysis 1, 372 (1962).

8. RoonEy, J. J.,, anp PiNK, R. C., Proc. Chem.
Soc., p. 70 (1981); Trans. Faraday Soc. 58,
1632 (1962).

9. Hawr, W, K., J. Catalysis 1, 53 (1962).

®

o O *~ o



10.
11.
12.
13.
14.

15.

16.
17.

18.

19.

20.

21.

NH3z ADSORPTION ON SILICA-ALUMINA AND ALUMINA

FrockHart, B. D, anp Pivg, R. C,, J. Caial-
ysts 4, 90 (1965).

Porter, R. P., anp Hawr, W. K., J. Catalysis
5, 366 (1966).

Hirscuier, A. E. anp Hupson, J. O, J.
Catalysis 3, 239 (1964).

HirscHLER, A. E., J. Catalysis 5, 196 (1966).

Per1, J. B., J. Phys. Chem. 69, 231 (1965).

MiuLs, G. A., BoepekEer, E. R., axp Osrap, A.
G., J. Am. Chem. Soc. T2, 1554 (1950).

HirscuLER, A, E.,, unpublished work.

SuaerrAarp, F. E., Rooney, J. J., ANp KeMBaLL,
C., J. Catalysis 1, 379 (1962).

Naccacug, C., Banpiera, J., Wicker, G., AND
ImerLig, B., Proc. Intern. Congr. Catalysis,
3rd, Amsterdam, 1964 2, 1113 (North-Hol-
land Publ. Co., Amsterdam, 1965).

Misono, M., Samro, Y., AND YoNEDA, Y., Proc.
Intern. Congr. Catalysis, 3rd, Amsterdam,
1964 1, 408 (1965).

Winmor, W. H,, Barts, R. T., AND Maclver,
D. 8., Proc. Intern. Congr. Catalysis, 3rd,
Amsterdam, 1964 2, 1288 (1965).

Basima, M. R., KantNER, T. R, AND Ruer, K.
H., J. Phys. Chem. 68, 3197 (1964).

22.
23.
24
25.
26.

a7.

28.

29.
30.

31.
32.

33.

84.

13

Marss, J. E,, anp Eiscuens, R. P, J. Phys.
Chem. 58, 1059 (1954).

Parry, E, P., J. Catalysis 2, 371 (1963).

Berroracing, R. J,, Anal. Chem. 35, 599 (1963).

Ryranp, L. B, Tamerg, M. W,, aNnp WILSON,
J. N, in “Catalysis” (P. H. Emmett, ed.),
Vol. VII, p. 1. Reinhold, New York, 1960.

Hawpemaw, R. G., axp EmmEeTT, P, H,, J. Am.
Chem. Soc. 78, 2917 (1956).

Hap, W. K, Lurixski, F. E,, ANp GERBERICH,
H. R., J. Catalysis 3, 512 (1964).

Avy, M., Bramiey, R., UrapHvaAY, J.,, WASSER-
MAN, A, aNp Wooriams, P., Chem. Com-
mun., p. 404 (1965).

Ozaxi, A., anp Kimura, K., J. Catalysis 3, 395
(1964).

Larson, J. G., Gersericl, H, R., anp HaLL, W.
K., J. Am. Chem. Soc. 87, 1880 (1965).

Foco, J. K., J. Phys. Chem, 65, 1919 (1961).

Imar, H, Ono, Y., ano Kreu, T, J. Phys.
Chem. 69, 1082 (1965).

Dorvisa, F. R., anp HawL, W. K., J. Phys.
Chem. 69, 4402 (1965).

UvyrrerHO0EVEN, J. B., CHRIsTNER, L. G., AND
Hawn, W, K, J. Phys. Chem. 69, 2117
(1965).



